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FOREWORD

The "High Power Microwave Tube Reliability Study" under

Contract F30602-74-C-0229 was conducted by the Engineering

.

Experiment Station (EES) at Georgia Tech in conjunction with the

School of Industxial and Systems Engineering (ISyE). The

. program wag administered undexr Georgia Tech Prcject A-1532 by
the Systems Engineering Division within the Applied Engineering
Laboratory, Engineering Experiment Station. The program was
under the direction of Mr. R. P. Zimmer, and under the general
supervision of Dr. H. A. écker, Director of the Applied

Engineering Laboratory.

This effort was sponsored jointly by the Federal Aviation
Administration and the Air Force. The program was directly
administered by the Techniques Branch of the Rome Air Develop-
ment Center and respcnded to the guideline of the Reliability
Branch which has the responsibility for updating the MIL~HDBK-217B.
Mr. Patsy A. Romanelli was the Air Force Program Manager and

worked in conjunction with Mr. John F. Carroll and Nr. Les J.

Sy ot

Gubbins of RADC and Fred Sakate, Reliability Engineering Branch,

Federal Aviation Administration.
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EVALUATION
The purpose of this program has heen to develop a mathematical model
from which tube reliability can be determined, Failure of any tubhc that
will result in the lossn of system nerformance is costly, Therefore, consi-
deration of tube reliability which can be predicted with confidence is neces-
sary so that the system incorporating the tuhe can he properly desipned to
achieve 1its performance ohjectives, The prediction of reliahility recuires

the use of s« mathematical model that will reflect tube performance under various

conditions of operation.

PAI?Y A, ROMAN!LLI K]
Project Fneineer
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I. INTRODUCTION

L
Microwave tubes are major components of many communications systems,

ECM systems, and most modern radar systems and a tube failure results, at
least, in a partial system failure. Fallures in systems are costly, and may
degrade the capabilities of the user in such.areas as military defense, air
traffic safety, and hazardous weather warnings. Hence, a high degree of
system reliability is necessary for both mission accomplishment and reason-
able operating costs over the life of the system., 'With reliability data

on tubes as well as other components of the syntem, the system may be de-
signed to meet its cost-performance objectives, including ;ufficient back-
up systems for continuous operation, estimates of operating costs,and the
maintenance schedule., Also, inventory requirementes for spare parts and
purchase order sizes may be estimated using reliability data. To

address the above needs for reliability information on high power tubes,
this study had two main objectives.

The first objective was to assemble all available data relating to the
reliability of microwave tubes of more than 100 watts peak power. These
data were then to be analyzed tc obtain estimates of tube failure rates
thereby resulting in a dat; base that could be easily man%pulated for add-
itional data analysis. The second objective was to develop models describing
tube reliability based on the data collected and analyzed. In addressing this
objective, models of tube failure rates were developed for both individnal
tube types and general clssses of tubes, The general tube classes included
the klystron, TWT, magnetron, twystron, crossed field amplifier, amplitron,

and gridded (triode and tetrode),
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Reliability information of the above type is included in MIL-HDBK-217B,

"Reliability Prediction of Electronic Equipment,' which is in the process of
being updated. This Handbook provides a common basis for predicting and
comparing predictions on military contracts and proposals. Thus, one of the
underlying goals of this study was to develop the models in a form suitable
for incorporation ints MIL-HDBK-217B. This goal provided guidelires in
carrying out the various tasks as well as in establishing the format of the
results.
The approach utilized in this study consisted of carrying out the
following tasks outlined below.
1. Selection of tubes for study
Inventory type tubes were selected which fit the power and
frequency criteria, with a few exceptions.
2. Data collection on the selected tubes
A search was made using various contacts available to Georgia
Tech for all possible sources of microwave tube reliability
data.
3. Data Analysis
All data collected were analyzed to determine the reliability
and failure mechanisms of the selected tubes
4. Model Development
The reliablity and failure mechanism distribution of each tube
within each general tube class were correlated with the tube
operating parameters.
5. Cost-Reliability Analysis
Cost, reliability and projected demand were used to identify

tubes needing reliability improvement.




With the above approach, the models developed can aiso be useful in

determining potential research areas for reliability improvement, system

maintenance requirements, and user operational requirement in addition to
the application of MIL-HDBK-217B toward proposals and contracts. Each of
the above tasks has been accomplished, and are described in detail in the

following sections,
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II. TUBE SELECTION CRITERIA

A. Tube Types

Since the objectives of the program were to establish failure rates for
rlcrowave tubes and to construct models for predicting reliability, it was
desirable to include as many different types of tubes as possible that are
in common use. At the outset of the program, it was hypothesized that rela-
tionships exist between tube reliability and operating parameters such as
power and frequency and further, that the general tube structure also influ-
ences reliability. Consequently, it was desired to collect data representing
as many different general classes of tube structura as possible. The tube
classes included in the data base were klystrons, twystrons, travélling
wave tubes, magnetrons, crossed field amplifiers, amplitrons, and gridded
tubes (triodes, tetrodes, etc.) Within each class, all tube types for which
dara could be obtained were considered for inclusion.

Since tube reljability depends on a number of factors, emphasis was
placed on not only including cube structure and operating parameters as
factors in the models but also environment and application),

Initially, the tubes to be included in the data base were selected

on the basis of power, frequency and available data.

B. Power Level

An objective of the study was to determine the reliability of high cost
tubes. Since the Department of Defense (DoD) and the Federal Aviation Admini-~
stration (FAA) were searching for ways to reduce spending on tubes. By
identifying tubes with high cost and poor reliability, additional efforts
(if determined to be cost-effective) could be dedicated toward reducing

the cost or improving the reliability of ideatified tubes,
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High power tubes are typically high cost (above $10,000) for several
reasons. A large capital investment, dedicated equipmep*, and highly
qualified personnel are required for the design and manufacture of high power
microwave tubes. Often special designs are gsed to achieve specifications
unique to a particular application. Further, production of relatively small-
volume orders also tend to keep the cost of microwave tubes at a higher l:vel
than lower power tubes. Also, because of the periodic demand for tubes,
often some degree of re-tooling is necessary even to replenish a supply of
tubes.

In general tubes with a kilowatt of peak or average power were desired
for inclusion in the study; however, certain exceptions were made to the mini-
mum power selection criterion. Reliability data on tubes of lower power
were collected and analyzed giving a larger data base and, therefore, moras

confidence in the validity of the models developed.

C. Frequency Range

The frequency range of the tubes to be included in the data base was
limited to the microwave range. Generally, tubes in S through Ku band were
desired for inclusion in the data base; however many of the high power tubes
for which reliability data were available were designed for use in L band
(including the lower portion of the L band near 400 MHz).

As the available data were gathered it was discovered tnat little use-
ful quantitative data for tubes in the K, band existed. For this reason the
upper bound on the frequency of tubes included in the study was in the Ka

band.
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D. Availability

Inventory type tubes were desired for inclusion in the data Sase as
opposed to R & D type tubes. The assumption was made that R & D tubes are
manufactured under highly controlled conditions in small quantities and
that the field operation of R & D tubes is also under more control than a
tube which is no longer in the R & D stage. The above agsumpticn leads to
the conclusion that the observed reliability of the R & D tubes is influenced
by the highly confrolied manufacturiag and cperation. The phrase 'inventory
type tube,” therefore, refers to tubes which have completed the R & D
phase (i.e. initial introduction in the field) and not necessarily an off-the-

shelf item.

E. Environment
The envirscrmen” in which a tube operated in general affects reliability,
Microwave tubes typically employed in the following environments:
1. Ground based systems
a. Fixed installations
b. Mobile installations
2. Sea going systems
3. Airborne systems
4. Spacecraft systems
Reliability varies with environwent bacause certain limitations are
placed on systems due to size and weight constraints. Size and/or weight
limitations are placed, to different degrees, on all systems except
fixed ground based insti.llations. Mobile ground based and seagoing systems

have minimum restrictions, spacecraft systems the maximum and alrborne system

- m———— e <= ==
- >

s
e e

"



4%
' 3‘8‘

s

restrictions typically lie between the two. The 8ize and weight constrain“s

limit the amount of protective and monitoring equipment that can be incor-

porated into a system even if cost were noc a factor. In addition, all

of the tubes in systems other than the fixe. s&stems are subject to various

degrees of vibration which tend to fatigue the components of the tubes.
Reli#bility data were analyzed for tubes in all of the above environments

except those used by spacecraft systems since these tubes typically are low

power and did meet the minimum power criterion of the program.

F. Application

Microwave tubes are used in several applications. The applications
considered in the study were (1) radar, (2) communications, and (3) ECM. It
was assumed that most tubes types would be found in these three applications.
Data on tuhes used in linear accelerator applications were available and
utilized in the study. Other applicatiosns such as laboratory research were

not considered to fall within the scope of the program,

G. Selected Tubes
Data were solicited frow the Air Force, Army, Navy, FAA, and various

power tube and system manufacturers. Excellent cooperation was received

from all of these sources and their assistance in providing data is gratefully

acknowledged. For a variety of reasons, the data from the Air Force were
significantly more useful for analysis and modeling purposes than the data
from other sources. More data were available from the Air Force than from
other sources., As a result, the data are principally from land based radar
and communications systems. Other data are from airborne and sea-going

environments and ECM applications. From this data base, tubes were selected
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that satisfied the selection criteria described above with limited modifica-

tions required to increase the number of tubes to be analyzed. Over seventy

tube types were included in the analysis and modeling and are listed in

Table II-l.
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ITI. DATA COLLECTION

To establish as wide a data base as possible for the study, data on a
variety of high power microwave tubes were solicited from a variety of sources.
These sources included the Air Force, Navy, Army, the Federal Aviation Admiai-~
stration (FAa) and most tube and system manufacturers.

The Air Force has a well-established, well-defined field failure reporting
system for tubes used in land based systems. A tube status reporting system
exists for these same systems. The status reporting system contains the time
accumulated on individual tubes in the field. A description of these report-
ing systems z2re contained in Technical Order T0~00-20-8 ('"Inspection System,
Documentation, and Reporting for Ground Communications-Electronics-Meteorolo-
gical (CEM) Equipment" [1l]). Because of the detail contained in this system,
a reasonable estimate of the failure mode for each reported tube failure can
be made. This reporting system is manaxed by Sacramento Air Logistics
Center, Material Managemen: Directorate, Item Management Division, Reliability
Branch (SM~ALC/MMIRM) and the Engineering Division, Material Analysis Branch
(SM-ALC-MMFAM) at McClellan A¥B, California which provided excellent coopera-
tion in both supplying data and explanation of questions which arose concerning
the data. The data pertains principally to tubes used in ground based radar
and communicatisn system installations at Air Force bases throughout the
world. A seco.d Air Force failure reporting system is maintained by Warner
Robins Air Logistics Center &t Robins AFB, Georgia. The reporting system
at Robins was established to determine current demand rates for equipment used
in aircraft. The demand rates observed over a two year period are used to
predict future demand rates. The demand rates are reportad in failures per
100 flight hours only for reccverable (repairable) equipment. The deter-

mination of whether an item is repairable is based on the cost of the

11
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item, Theref{ore, most of “he tubes in the reporting system are those used

in ECM systems. The cost of most of the tubes in the airborne radar systems
are below the cutoff defined by item management for recoverable equipment,
and therefore, most radar tubes are not in the reportinz system. Personnel
at Robins AFB were very helpful with the data gathering effort.

Based on discussions with personnel at the Naval Ship Engineering Center,
Norfolk Division, data from the 3-M system (Maintenance Material Management)
were obtained for the SPS-48 system. These data covered a period from January
1970 ton December 1974 and included replacement of all parts, not just microwave
tubes. 3Some additional data were provided that indicated the number of operating
hours fecr these systems. The Naval Weapons Support Center at Crane, Indiana
supplied data on the CFA, TWT and switch tube used in the AGEIS system. These
data were useful in determining the effects of a sea-going environmeut on tube
life,

Data obtained from manufacturers were in general of only limited usefulness
for several reasons. The cost of extended life testing of high power tubes is
very high due to the investment required for the test setup and to the high
cost of the tubes themselves, Since the manufacturers are not required nor
paid to do this type of testing, the amount of available life test data were
minimal. In addition, these tests may or may not reflect the operating cornditions
encountered in field use of the tube, therefore, the life of a tube observed
in a 1life test is not the same as thet experienced in field use. Manufacturers
do perform compliance testing on a sampling of tubes using statistical quality
control techniques. These tests are performed to insure that the requirements
of the applicable Military Standard are being met. However, these tests usually
are of limited duration or consist of repeated on/off cycling of the tube.

An example of these type of data is shown in Table III-1. Table III-]1 Indicates

12
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that generally only a limited number of tubes were tested, the test

times are relatively short compared to the expected life of the tubes, and

very few or no fallures were reported.

Some field failure data were available from RCA on several gridded tubes
and klystrons. One of these (the 7835) was also included in the McClellan AFB
data base. Raytheon provided field failure data on a twystron and TWT used
in the SAFEGUARD systeme. These data included both failed and unfailed
(censored) tube reports with indication of cause of failure. These data were
analyzed to determine the estimate of mean life, taking into account the
censored data.

O0f the data supplied by the military, the FAA, and the manufacturers,
the data obtained from the Air Force wer: the most useful for the purposes
of analysis and modeling. Data obtained from the Navy and several tube and
systen manufacturers were utilized te a lesser extent in modeling tube
reliability.

The field failure reporting system used by the Air Force as described in
T0-00-20~8 is useful for analysis and modeling because of the information
reported on each tube failure. For each reported tube failure, the following
data are supplied by the site personnel:

Tube type

Tube serial number

Equipment serial number in which the tube was installed
Squadron

The channel and socket in which each tube was installed
Date on which the tube was installed

Date on which the tube was removed

14
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Number o1 filament hours

Number of hours below 907 power

A failure symptom code

A reject code

An environment code

A corrective action code

The number of months the tube was on the shelf beftore being installed

Tube manufacturer
In addition, the site personnel can provide any narrative comments needed to
further explain the circumstances under which the tube failed or any of
their observations. An example of the reporting form is shown in Figure III-1
When this report is processed at SM~ALC, an additional failure code, the
Tentative Technician code is assigned based on information conta’Zned in
the field failure report including the narrvative comment. This code is an
attempt to identify the actual cause of failure rather than any effects which
might be identified by the symptom, reject, or environment codes, If the
tube ig covered by a repair contract, the tube is then shipped to the repair

contractor for disposition. The repair contractor then submits a report in-

dicating their opinion as to the cause of failure. Based on this report and
the data from the field perronnel, a Final Technician Code is assigned by
personnel at SM-ALC. The Final Technicial Code was not available in most of
the data from McClellan because this code has cnly been assigned to recent
failures. All of the information from the field perscnnel (excluding the
narzative comment) and the Tentative and Final Technician (when assigned)
Codes are contained in the Tube Failure Report produced quarterly by SM-ALC

for each tube in the reporting system.
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The reports from SM~ALC were the primary source of data for the analvsis

performed. SM-ALC also produces several other reports such as the Failure
Analysis Report which is described in detail in T0-00-20-8. Printouts of all
Tube Failure Reports and Tube Status Reports in the McClellan A#B data base
were provided by SM~ALC. The failure and status reports contained all data
through December 1974. These reports covered different periods for different
tubes depending on the year a particular tube type was introduced into service.
For some tubes, the failure reports extended as far back as 1963 while others
covered the period from 1969. There was also a large variation in the number
of failures reported for each tube. The variation in the number of reported
failures is attributable to factors such as the number of systems in service
using that tube, the amount of time the systems were in service, and the mean
life of the tube. Some tubes had as few as four reported failures while others
had in excess of 1000 failures, with the largest number being approximately 3100.

Many failures occuring before 1972 have not been assigned a Tentative
Technician failure code. Based on discussions with several tube manufacturers
and SM—~ALC personnel, it was.decided that the Tentative Technician code was the
most accurate of the codes available (recall the Final Technician code was
generally unavailable) as an indication of failure causes rather than failure
effects. Thus, before the pre~1972 data could be included in the Georgia Tech
data base, a Tentative Technicial code had to be assigned to each failure where
it was missing. This was assigned after examination of all data available cn
the Tube Failure Report, using best engineering estimates of the most probable
cause of failure. The cause of failure cannot be positively identified for all
of the reported failures, The failure modes reported in the data have been

interpreted as the removal criterion for reasons 2iscussed later in this report.
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The Georgia Tech data base for the analysis consisted principally of

data derived directly from the Air Force Tube Failure and Status Reports, For
each failure, the following data were entered:

Tuhe type

Squadron number

Radiate hours at time of failure

Shelf time (in months) before installation

Georgia Tech failure code

Number of repair cycles

The three digit Georgia Tech failure code corresponds approximately to
the two letter Tentative Technician Failure Code made by SM-ALC. For the
tube status and failure reports through 31 December 1974, there were a total
of approximately 12,000 failures and installations reported for the fourty-nine
tube types being analyzed. The number of failures and installations per tube
type ranged from a low of four to a high of 3200.

Data from the other sources were also added to the data base. Some of
these additional data contained individual failure times and modes which could
be entered into the data base with the same format as the data from McClellan.
The remainder of the data contained only the observed failure rate for specific
tube types. These latter data were not used in the data analysis hut were com-
bined with the results of the data analysis and used to develop the reliability
models.

Several different computer programs were utilized in the analysis of
these data. The first allows the analyst to select from the data base all
failures in a particular squadron, all failures with a particular amount of
shelf life, or all failures with a particular three digit failure code. Thus

if the analyst wants to examine the cffect of shelf time in excess of 60 months

18
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but less than 72 months on the mean life of the tube due to gassy removal

criteria, he can select only those failures with shelf time between 60 and 72

months which have a 130 series (130-139) failure code. This flexibility and

ra L]

rapid selection capability proved to be invaluable for analyzing tubes with a
large number of failure reports. A second comhuter program was developed to
perform hazard analysis of the data. A third program combined the first two
allowing automatic data analysis of all tubes in the data base. The third

program, based on a run-time defined criterion, would select various sub-popu-
lations (including the total population) from the data for each individual

tube type and perform hazard analyses on each sub-population selected. The
sub-populations were based on the reported failure mode. The nature of the

above programs are discussed in more detail in Section IV-B.

The structure selected for two of the models to be developed during the
study included the failure rate of tubes failing for each of several failure
modes and the frequency of occurrence (importance) of the respective failure
modes. Therefore, it was necessary to collect and analyze data containing an
{ndication of the failure mode and radiant hours for each failed tube.

One adpect of analyzing the reliability of microwave tubes is the assign-
ment of a failure mode to each tube failure. Determination of failure modes
was necessary to assess the importance of sach failure mode to overall tube
reliability. Identification of critical failure modes can lead to product
improvement and extended lifetime, thus reducing costs.

An important point in the analysis of tube reliability is the effect

of the system on tube reliability. A failure or malfunction in the system

can cause catastrophic failure of the tube. Thus, some effort was made to
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distinguish between tube attributable and system attributable failures. [t

proved impossible and undesirable to make this an exact process because of the
complex interactions between the tube and system, and the tube failure reports
often indicated failure effects rather than causes. Thus, a chain reaction of
failures which could occur in a tube sometimes results in orly the last or
most obvious failure mode being reported. Since many problems can be either
a cause or an effect it would be necessary to have as much information as
possible about the conditions surrounding the failure. Often this informa-
tion was not available because it was not recorded at the time of failure.
Consequently, assessment of failures only resulted in an estimate of the re-
sultant removal criterion rather than an exact assessment of failure mode.
Different organizations use different methods of designating the failure
mode of a tube, it was necessary to design a system which would be compatible
with the data from the military services, the FAA, and the manufacturers. The
primary differences in the failure code systems, other than using different
letters or numbers to represent the same failure mode, is the degree of detail.
Some systems give only a very general description of the reason the tube failed,
while others are very detailed. One system, for example, might just indicate
that there was an internal short while another would indicate the specific parts
of the tube that were shorted. To accomodate the variety of detail present in
the data, a three level, three digit failuye mode coding system was devised.
The first digit indicates if the failure is considered tube attributable (1),
system attributable (2), or undetermined (3). The second digit is used to in-
dicate subcategories of tube or system attributable failurzs. There are seven
subcategories of tube attributable failure modes and seven of sys..em attributable

failure modes. Within each of these subcategories, specific failure modes are
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identified. A listing of all failure mode codes is given in Table ITI-2,

An additional code not shown in the table is 000 indicating an installed and
operating tube or a spare tube,

huring the data collection and analysis nhase of the project, discussions
were held with various personnel involved with the failure reporting systems.
Based on these discussions, the failure mcdes in the data and, therefore, in
the models should be interpreted as the removal criteria resulting from an
unidentified failure or mailfunction either in the tule >r system. The removal
criterion given in the data and models is the reason the tube was removed from
the system an- the reason the tube canunot be returned to service. Vor exa ple,
if a power supply surge caused the tuhe's filament to melt, then the melted
filament removal criterion, obviously, aoes not necessarily indicate a tube
related failure cause; consequently, it does not necessarily indicate any
specific failure cause because a failure cor malfunction at some point in the
system (including the tube) may place in motion a chain of events causing
damage to some other component (possibly the tube), which prabably would .ot
have failed at that time under other circumstances. The medels presented in
Section VI of this report indicate the field experience with system {including
the tube) failures or malfunctions resulting apparentlv in a damaged tube.
“he failure rates used to develop the models were based on the radiant hour.
accumulated on individual tuzes when removed from a s /stem. Z.ch removal was
2ssumed a failure regerdless of the actual cause, ‘'Therefore, the failure rates

presented in this report may, in general, be interpreced as removal rates.
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TABLE 111-2
FAILURE COIES FOR TUBE ATTRIBUTABLE FAILURES

Filament Failure 110
Heater Short 111
Shorted Keater to Other 112
Flement
Open Filament 116
Low Emission 120
Low Power Output 121
Sublimation 122
Failed Minimum Gain Check 123
Poor Spectrum 124
Low Anode Current 125
Failed Noise Figure Check 126
Cathode Depletion 127
Gassy/Loss of Vacuum 130
Cathode Bushing Leak 131
Misc. Weld/Braze Leaks 132
Slightly Gassy (10 Tgsr) 133
High Gas Pressure (>10 134
Torr)/High Ion Pump
Current
Metal/Ceramic Leak 136
Bell Housing Leak 137
Window Failures 140
Window Leak/Corrosion 143
Tuning Mechanism/Mechanical 150
Failure
Tuner Failure (Tracking Rate) 151
Mechanical Wearout 152
Leaks in Tuner Vanes 153
Excessive Tuner Torque 155
Focus Coil/Body Short 172

Improper Focus Coil Alignment 173
Focus Coil Defective or Open 174

Coolant leak on or within 197
tube

Undetermined 366

Handling/Packaging 368
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TABLE III-2 {(continued)
FAILURE CODES FOR SYSTEM ATTRIBUTABLE FAILURES

P Tt e s

011 System Failures 210
Punctured Cathode Bushing 213
Pulse Transformer Failures 215
Punctured Heater Seal 235
Window Arcing 241
Multipactoring 242
Window Damaged/Burned 244
Window Cracked 245
Tube Casualty 260
Radiation Damage 261
Tube Frozen 262
Internal Arcing 263
Internal Short 264
Elements Warped 265
Power Associated Failure 267
RF Drive Improper 268
Magnetic System Failures 270
Magnetic Distortion 271
Cellector to Body Short 275
Waveguide System Failures 280
Waveguide Arcing 281
Arcing in External Cavities 262
Improper Output Coupling 283
High VSWR 284
Pressure Regulation/

Hydrator Failure 285
Cooling System Failures 290
Coolant Leak 291
Clogged Passages 292
Restricted Airflow 293
Heat Exchanger 294
Low Pressure Interlock 295

Failures
High Temperature Interloc¥k 296

Failure
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IV. DATA ANALYSIS METHODOLOGY

A. General Reliability Considerations
1. Definitions and Concepts of Reliability

The reliability of a tube is defined as the probability it will perform
its intended functions for a stated period of time. According to this definition
the reliability of a tube may be shown as the probability of survival plotted
as a monotonic decreasing function of hours of use. Figure IV-1 illustrates
this relationship. Hours of use could be interpreted as either radiant hours
or filament hours (radiant plus stand-by hours). Careful consideration was given
to both interpretations early in the study and discussions were held with Air
Force personnel concerning which would be the more appropriate time measurement
to use in the analytical models. The concensus of opinion was that radiant
times would be more suitable both because of the nature of the available data

and the anticipated use of the models.

R(t)#

Yeliability

Time t

Figure IV-1 Example Reliability Function
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A key parameter associated with the probability of survival is the mean

time to failure (MTTF) or mean life. The reciprocal of this mean life is
usually called the failure rate. If the distribution of failure times is
exponential this mean lire, cor failure rate, is an accurate measure of tube
reliability because the failure rate is constant over time for this distribu-
tion. For the exponentail failure distribution the mean life is the time at
which 63.2 percent of the tubes will have failed. MIL-HDBK~217B expresses
reliablility in terms of the failure rate and therefore emphasis in this study
was placed on assess.ing the tube failure data in terms of the failure rate.

If the failure distribution is something other than exponential the failure
rate will be changing over time and its interpretation becomes more difficuit.
This situation occurs most frequently when tube wearout becomes a factor. The
time at which wearout occurs varies among the tube types conzidered in this
study. In Figure IV-2 the plot of failure rate versus operating hours illust-

rates this point. The initial (decreasing failure rate) period is usually

A(t)A

Infant

Mortaiity Wearont

Peviod Period
#

Operating
Period

1

Failure
Rate

e

|

Time
Figure IV-2 Tube Life Cycle
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called the infant mortality period. During this period failures generally are

of a quality control nature. Such early failures should be screened out from

the data if a good measure »f tube reliability is to be determined. No
satisfactory method exists for dealing with reliability measures which include

these "early failures". It should also be pointed out that instances of decreas-

ing failure rate may be caused by mixed populations of tubes containing different

failure rates. This situation may occur for tubes for which reliability growth

is a factor and tubes made during different time periods.
The middle portion of the curve is a period with a relatively constant

failure rate. This 1is the period when the exponential distribution is most

likely to apply. Failures during this time period occur at relatively randem

intervals and are due to factors which can neither be attributed to wearout nor
to quality problems. The failure rates for most tubes studied in this project

were found to be approximately constant over this time pericd. This portion

of the time period is considered to be the "operating period".
The cthird portion of the curve has an increasing failure rate due to age

or wearout problems. Along with the infant mortality failures, failures

attributable to wearout should be eliminated before a tube failure rate is

determined. If tubes are to be described by their failure rate or mean life,

the center or operating portion of the overall tube life pattern is the only

portion that should be considered.
During the ccurse of the study operational and wearout failures were

analyzed with a ser of computer programs. Points at whkich wearout failures

occurred were. identified and the data were again evaluated using the computer
programs which separate the data {nto these two (operating and wearout) portions.

Separate failure Sistributions were cttained for each portion of the data.

Details of these procedures will follow.
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2. Exponential Failure Distribution

i If the mean life is relatively constant over time the appropriate
distribution is the exponential. This distribution is of the form
g £(e) = (1/0)e” % = 2e™’t, for & > 0 (1V-1)
where f(t) = the probability of tube faillure at time t
- 8 = meantim2 to failure or mean life
A = failure rate =1/0
As mentioned previously this distribution is usually appropriate for
modeling the failure distribution for the operating portion of the failure rate
curve.
3. Weibull Failure Distribution
In cases where ths failure rate was not constant the Weibull distribu-
tion was used in this study. This distribution is more general than the expo-
E | nential in that it can fit regions of decreasing failure rate (iufant mortality),

relatively constant failure rate (operating period), or increasing failure rate
(wearout). The two parameter Weibull was used in all casee. The density func-

tion for this distribution is as follows:

B-1 8
£(t) = %(—t-) e~ (t/a) (1V-2)

Q

where a is the characteristic life or scale parameter and B is the shape

parameter. The value of a is the 63.2 percentile point, i.e., 63.2 percent of

the failures in a data set occur before time @, This parameter rorresponds

approximately to the mean life of the exponential distribution. For 8 = 1, the
distribution becomes an exponential and a would be the mean life, 6.

4, General Probability Concepts

[ e et

The density functions, £(t), discussed above define the probability of

failure at time t. The cumulative distribution function, F(t), is used to
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deecribe the probability of failure at any time prior to time t. That is,

t
F(t) =ff(x)dx (1v-3)
o

The reliability function, R(t), is the probability of survival to time t, or

R(t) = 1 - F(t) (1v-4)
As discussed previously, tube reliability may be described by this function
or by the failure rate. The reliability function is a more accurate method for
non-exponential data since for these gituations the failurc rate is not constant

over time. A graph of the reliability function typically wiil have the form

shown in Figure IV-1.
5. The Hazard Function
The Hazard function, h(t), is the instantaneous failure rate at time ¢,
or
h(t) = £(t)/[1 - F(t)], t >0 (IV-5)
As this expression Indicates, h(t) is the probability of failure at any time t
divided by the probability of survival at least to that time. 1t therefore,is
often treated as the instantaneous failure rate. For the exponential distyribu-
tior the hazaré function is constant. It is decreasing for infant mortality and
increasing for wearout conditions.
The cumulative hazavd H{t) is the integral ¢ 5 the hazard function up to
time t.
t
H(t) =f n(x)dx = -1n[L - F(t)] (1V-6)
Thus we may write °
F(¢) =1~ n-H(t) -

or R(t) = 1 - F(t) = o BCE) (IV-7)

This last expression gives the probability of survival to time t in terms of

the cumulative hazard. Thus, for the cumulative hazard, H = 100% corresponds

28
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§%§ to the cumulative probability value of

Flt) = 1 - e 20 = 632 or 63.2% (1V-8)

RS

This means that the cumulative hazard value of 100% corresponds to the mean life
for an exponential distribution or the characteristic life for the Weibull and
is in fact the 63.2 percentile point for any failure distribution.

For the exponential distribution recall that
1- e-c/e, t>0 (1Iv-9)
-t/®

[

. F(t)
£(t)

[

(1/9)e , t >0 (Iv-10)
where 8 1is the mean life. The hazard function therefore is
h(t) = £()/[1 - F(t)] =1/8, £t > 0 (Iv-11)

which is constant over time. The cumulative hazard is

H(E) = ./Ct (1/6)dx = /6, t > 0 (1v-12)
& From this expression it can be seen that time to failure, &, as a function of
H is
t(H) = oH

Thus time to failure i= a linear function of the cumulative hazard and will

plot as a straight line passing through the origin on linear graph paper. The
slope of the line is the mean life and it may be found as the time corresponding
to the value of 1,00 for H.

For the Weibull distribution recall

. . - B
é F(ud =1 - e/ (5 (1v-13)
: . g (e8! —(e/0)P
Z i(t) == 5) e , t >0 {1V-14)
; The hazard function is thus
; h{t) = (F/aﬁ)te"l, t>0 (1v-15)
Cd
H E':
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which is a power function of time t. As previously mentioned, the hazard func-

Fg.

1)

et ot e vt ot W IO S o s

tion increases with time for 8 > 1 and decreases for 8 « 1. For R = 1 it is

constant and is equal to (1/a4). The cumulative hazard is

t tao
/; hft)dt = (S/as)f te 1dt: (Iv-16)
(o]

H(t) = (; B’t >0 (Lv-17)
The time to failure, again expressed as a function of H, is
£qH) = ont/® (IV-18)

Taking logarithms of the above gives
In(t) = (1/8) 1n(H) +1n(a) (I1V-19)
Thus t will plot as a straight line function of H on log-log graph paper.

The slope of the line is (1/B) and the value of t for H = 1.00 isa.

B. Analysis Tools/Computer Program

# All tube results were put on punched cards to be used for data input. There
' were two basic computer programs developed for use on this study. These were
NEWHAZ and NEWMIX. Both of these programs can be used for either complete
failure data or incomplete (censored) data. They are run on an interactive mode

and also produce hard copy plots on a CALCOMP plotter,

The first program sorts the data by failure and censoring time. It then
computes the hrzard and the cumulative hazard valuwes for each failure. For the
exponential distribution, the cumulative hazard is then plotted against faillure
time using linear coordinates. A least squares straight line fit through the
origin is then determined and this line is plotted over the hazard plot. The
failure time corresponding to a cumulative hazard of 100% is computed from this
least squares fit and printed om the plot as the mean life. The program then
performs a goodness of fit test as discussed in the next paragraph to determine

the appropriateness of the exponential distribution for the data. The program
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computes the natural logarithm of both the cumulative hazard and the failure

times. They are then plotted as a Weibull hazard plot on another graph with
logarithmic cocrdinates. Once again a straight line least squares fit is
determined and plotted on the graph. The reciprocal of the slope of this line
is computed and the result printed as the value of 8, the Weibull shape para-
meter. The time corresponding to a cumulative hazard of 100% is computed from
the least squares fit and this value is printed on the graph as the -.haracter-
istic life, a. Once again a goodness~of-fit test is made where applicable.
There were two different goodness-of-fit tests available in the program to
test the fit of the hazard data to the exponential distribution. The first was
a Kolmogorov-Smirnov test which was used for data consisting entirely of failed
tubes. That is, no tubes were censored (still operating at the latest reading
+ime). The Kolmogorov-Smirnov test is not applicable, however, for data con-
taining some tubes which have not failed (censored data) since it deals
necessarily with maximum departure of the observed cummulative distribution from
the theoretical exponential distribution, the entire failure distribution must
be known. Therefore a second goodness-of-fit test was intvoduced into the pro-

gram which is used when the failure data are incomplete, i.e. contains some
censored tubes. This test is due to Gnedenko, et al. and is found in thefr

text {2]. A discussion of the test is also found in the test by Mann, Schafer
and Singpurwalla [ 3].

In the case of the Weibull distribution, as discussed above, the important
question is whether the two parameter or three parameter Weibull distribution
is applicable. The Weibull is only used when the exponential fit has been

rejected. The third Weibull parameter is the location or threshold parameter.
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Assuming it to be zero assumes that tubes can fail at any time after they are

first turned on., Althouph these assumptions seemed reasonahle it was felt that
a test of it was desirable. Such a test was develcped by Mann and Fertig {4 ].
This test is also discussed briefly in the test by Mann, Shafer and Singpuwalla.

1f the exponential is appropriate for the operating period, the mean life

is approximately equal to the computed characteristic life.

In two cases use of the hazard plotting technique was found to be

inapropriate for determination of mean life. The two cases are as follows:

1. A data set where the number of failed tubes is less than the number of
surviving tubes will result in an abnormally high mean iife calculation
using hazard analysis,

2, A data set resulting in a Weibull shape parameter (8) which was not
close to unity for the operating period indicates a non constant mean
life.

For the first case the MITF was calculated using the lower 60% chi square

confidence limit for failures occuring during the operating period:

MITF = 21

5 (1V-20)
X(2r +2),.6

where T = Total time accumulated on boti
failed and surviving tubes

¥ = Number of failures

X%Qr +2)..6 The 60 percentile point of the chi
e square distribution with 2r + 2
degrees of freedcm. -
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For the second case the MITF was calculated from the Weibull shape para-

meter and characteristic life for the operating period:

MITF = of'(1 + 1/8) (Iv-21)
where [ = The Gamma function

o = The Welbull characteristic life

B = The Weibull shape Parameter
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V  RELIABILITY MODELING

A. Introduction

The orientation of MIL-HDBK-217B toward reliability prediction of military
equipment is to provide system designers data which will permit system ;
reliability prediction. The data which will permit system reliability predic-
tion includes the failure rate for components which comprise a planned sy:stem.

Because microwave tubes are components in many systems, it was desired that
the reliability of microwave tubes be modeled to permit failure rate prediction.

Two basic types of models were developed. One type of model developed
permits failure rate prediction and removal criterion prediction for srecific
individual tube types. The individual tube type models will enable predictions
provided the tube to be used in a planned system has been modeled. The other
type of model develc.ed will enable failure rate and removal criterion pre-
dictions for general tube classes. The second model was required because the
individual tube type models were not developed for all tubes due to a lack of

data and because new tube types are likely to be introduced for planned systems.

B. Modeling of Individual Tube Type Reliability
1., Basic Model Structure
Investigation of tube failure mechanisms indicated, that all removal
criteria are indeperdeut, meaning that the occur;ence of a failure due to one )
cause does not influence the probability of occurrence of a failure for any

other cause, Practically, this may be interperted as meaning that each

failure may be attitibuted to one unique cause. The investigation into tube
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failure mechanisms resulted in the observation that a malfunction may occur in

the tube or system which leads to a tube failure, but regardless of the cause
of a failure the tube failed due to a single (independent) cause.

As a consequence of removal criteria independence, an assumption was made
regarding the actual model. It was that the model is additive. In other words,
the reliability of a tube is equal to the properly weighted sum of the tube
reliability due to each removal criterion. Thus the basic structure of the
model will be of the form,

R(t) = AlRl(t) + A2R2(t) + . . Aan(t)

where
R{t) = Reliability of the tube at time t
= Probability the tube will not fail prior tuv time t
Ri(t) = Prohabiliry the tube will not fail due to removal criterion
i prior tu time t
Ai = Weighting factor for failure mode i.

A secoud assumption was that the failure distributions are exponential.
Therefore, the model may be expressed in terms of the-‘failure rate for each
failure mode. This remcves the time dependence of the model as it assumes the
failure rate to be constant over the time period of interest. The model

describing failure rate is,

AlL) = klAl(t) + kzxz(t) + . . .+ knxn(t)

A{t) = Tube failure rate at time t¢. (Under the exponential
assumption this (s coustant for all t)

Ai(t) = Failure rate for failure mode i at time t, (again constant
for all t under the exponential assumption)
ki = Weighting factor for failuremede 1
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2. Modifying Factors

There are several modifying factors which could modify the failure
distributions for removal criteria for different tubes. The factors studied in
the research were as follows:

a. Stress Factors
b. Location Faciors
c. Shelf Life Factors
d. Importance Factors
e. Other Factors

a., Stress Factors

Discussions with tube experts during the course of the study and the
previous experience of the project team indicated the possible existence of
multiplicative factors which indicate the effect of a failure mode on tube reliability.
The data on which this stnudy was based did not conclusively indicate such a
pattern. Had the pattern been apparent it would have meant that common failure
mode distributions could be developed for classes of tubes. Individual
differences resulting from stresses on the tubes could then be accounted for by
the stress factors.

b. Location Factors

Some of the tubes studied were used in several different geographical
areas. The data were analyzed to determine if significant differences in failure .
rates could bs discerned due to such geographical location. No such consistent
patterns were found in the data. It should be cautioned again, however, that
all of the data studied in this analysis were for ground based installations,

as these data were the only data containing such multiple location information.
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c. Shelf Life Factors
Data were available to measure trends of shelf life effects on tube life.
It was determined, however, that no such trends existed in the data. Discussions
with tne various tube manufacturers and users agree with the results from the
data analysis. That is, if tubes are properly stored, their operating life

should not be significantly reduced.

d. Importance Factors
These factors measure the importance of each removal criterion to the
overall tube failure rate. They have been determined empirically by measuring
the number of failures due to each removal criterion for each tube and
dividing by the total number of failures for that tube being considered. They
are therefore weighting factors which weight the removal criterion as to their

importance to tube life.

e. Other Factors

Other considerations such as the effect of learning and environmental
factors on individual tube reliability were made; however, each of the tubes for
which data were collected generally were all used in the same environment or
had little evidence of reliability change with time (learning effect). There-
fore, none of the individual tube type mcdels contain these factors. The tube
class models, which will be introduced later, do contain these factors because
appropriate combinations of individual tube type data allowed determinatiorn of

these factors.
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C. Modeling of Tube Classes

The individual tube type models discussed in Part "A" above are not
sufficient for general reliability predictions of the type in MIL-HDBK-217B.
For this reason two types of reliability models were developed based on the
individual tube type reliability models. The first type may be used to pre-
dict the overall failure rate of a given microwave tube class (klystron, TWT,
etc.) with a given set of operating parameters (power, frequency and duty cycle).
The second type may be used to predict the failure rate and probability of
occurrence of remova. criterion for a given tube class (klystron, TWT, etc.)
with a given set of operating parameters (power, frequency and duty cycle).
The application of these two models to a particular tube results in a predicted
base failure rate which must be modified by appropriate environmental and
learning factors. These factors are published in MIL-HDBK-217B for microwave
tubes. After extensive data analysis some of these factors have been modified
and are listed herein.

1. Basic Model Structure

The overall failure rate model must provide a reliability prediction method
based on tube operating parameters and appropriate modifying factors. The

model structure for overall failure rate prediction for a given tube class is,

Ap(Pj) HLHEA(Pj) (V-1)
where
ip(Pj) = Predicted Overall Tube Failure Rate
i, = Learning Factor
N, = Environmental Factor

Ab(Pj) = Base Tube Failure Ra.e

P: = Tube Parametric Classifications
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i=1, 2, ...m

Ap and Ab are both functions of tube parametric classifications.

The model structure for the removal criterion medel for a given tube class is

AP(P ) = HLHEHF(Pj) Ab(P ) (V-2)

3 3

where

T.(P.) = Base Failure Rate from Overall Failure Rate Model
F'j Base Failure Rate from Removal Criterion Model

Ab(Pj) = kl(Pj)Al(Pj) + kZ(Pj)AZ(Pj) +,..+ kn(Pj)An(Pj)

k,(P,) = Importance factor of the ith removal crxiterion

i~
Ai(Pj) Failure rate of the ith removal criterion

HF’ ki and Ai are all functions of tube parametric classifications.
2. Modifying Factors
a., Environmental Factors
Reliability data have been gathered for tubes in the following
environnents: ground fixed systems, ground mobile systems, sea-going systems,
airborne external (pod) systems, and airborne internal systems. To be consis-
tent with MIL-HDBK-217B the ground fixed systems were used as a baseline
reliability standard. All envircnmental factcrs are expressed relative to the
reliability of tubes in a ground fixed environment. The environmental factor
(HE) is, therefore, a ratio of non-ground fixed failure rate to ground fixed
failure rate for a given tube class and a given set of operating parameters.
Roliability data on tubes in a ground based mobiie/transportable environment
end data on similar {(or the same, in some cases) tubes in a ground fixed en-
vironment were compared. The ratio of failure rates after appropriate screening
and interpretation of the data showed a consistently higher failure for tubes
used in a ground mobile/transportable environment over tubes in the ground

fixed installations.

39




Data were available on tuve failures in airborne inhabited, airbtorne uninhabited,

and sheltered sea-going systems. These data were compared with ground based-

data and with each other to determine the naval sheltered environmental factor.

. Learning Factors
The data gathered in scme cases allowed analysis by year of manu-~
facture. Engincering considerations lead to the hypothesis thac as time pro-
gresses, procedures for operating a tube within a system changes resulting in
improved reliahility. Furthermore, imprcovei relfability was obtained through
improve ients {in uanufacturing techniques. The data analyzed by year of manu-~
facture after proper scrcening supported this hypothesis. That is, tube
reliability improved @fter several years of wanufacturing experience.
3. Reliability Model
The data analyzed for each of the tube classes exhibited trends when
failure rate was compared with tube parametric classifications and when failure
rate was compared with environmental and learning considerations. The overall
failure rate models and the removal criteria models, therefore, retained the
structure hypothesized above. The models are presented in Section VI of this

report.
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VI. RESULTS OF DATA ANALYSLS AND MODELING

A. 1Introduction

As discussed in previous sections,the study has dealt with the reliability
of individual tube types and the reliabilitv of general tube classes. As will
be described in this section, the analysis of individual tube type reliability
resulted in individual tube type reliability models, individual tube type re-
moval criteria models and individual tube type wearout times for those tubes
with sufficient data. The analysis of these individual tube type models re-
sulted in the development of general tube class overall reliability models and
tube class removal criteria models for those tube classes with sufficient data.

The effects of environment and iearning have been modeled for all tubes.

B. 1Individual Tube Type Reliability Models

The failure rate for each of the tube types was determined from the cumu-
lative hazard analysis or the chi square 60% upper confidence limit as dis-
cussed in the previous section. The reliability for the individual tube types
gtudied is presented in Tables VI-1 through VI-8 as failure rate. An overall
reliability function plot was made for each of the tube types modeled. The
plots are in Appendix A. The reliability for a given time way be found by read-
ing from the ordinate of the plot for the tube of interest the point correspond-
ifug to the desired time on the abscissa,

The probability of the tube not failing prior to a given time (reliability)
taken from one of the reliability function plots may he :sed in determining
the probability that the system will not fail prior to the given time. The
system failure probabilities m.y be used in determining expected maintenance

schedu? - expected operational cost and other operational considerations.
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TABLE VI-LMICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

CW KLYSTRONS

Avg. Failures/

Tube No. of No. Power Freq. 106 Hours +
No. Tuhes Failed 'KW) (MHz) (2)
3KM300LA 28 20 100 400 64%
3K210000LQ 189 169 76 870 151
4¥M170000LA 8 4 75 410 5%
VAS53 36 36 75 900 222
8824 16 16 30 520 126
8825 9 9 30 630 121
8826 9 9 30 790 280
3K.:50000PA1 108 88 23 330 116
3KM50000PA2 91 54 23 330 is50*
3KM50000PA 305 282 20 330 111
4KM50LB 10 4 14 410 28*%
4KM50LC 13 5 14 400 15%
4KM505K 134 84 12 2600 37
4KM508J 13 8 12 2100 38%*
4KM50000LR 592 423 12 870 57
4KM50000LQ 68 51 11 800 79
4K50000LQ 171 97 10 800 30%
3K50000LA 40 29 10 500 587
3K50000LF 13 8 10 620 54%
VABOOE 10 5 10 2100 70%
VA856B 16 11 2 7600 65
4KM3000LR 203 79 2 800 138%
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TABLE VI~1 (Continued)

CW KLYSTRONS (Cont'd)

Avg. Failures/

Tube No. of No. Power Freq. l\')6 Hours *+
No, Tubes Failed (KW) (MHz) N
3K3000LQ 110 33 2 800 9%
3KM3000LA 100 60 2.3 490 19%
4K3CC 81 79 1.2 4700 605
VAB8SE 438 244 1 4700 233%
4K3SK 53 26 1 2600 29%
* Upper 607 chi square confidence limit
+ Failure rate based on operation period
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TABLE VI-2MICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

PULSED KLYSTRONS

Peak Avg. Failures/

Tube No. of No. Power Power Freq. 100 Hours +
No. Tubes Failed M) (KW (MHz) €)) )
4670 7 7 30 26 2900 39
8562 265 140 21 19 2900 234%
ZM3038A 447 426 15 30 2500 194
L3250 170 145 10 15 1300 69
Z5010A 163 152 10 15 1300 150
SAC42A 632 598 3 6 5600 102
X780D 23 21 2.5 75 1300 337
L3035 494 404 2.2 7 1300 66
VA842 143 129 1.3 75 400 18
L3403 515 437 1.3 75 400 93
4KMP10000LF 34 21 470 XW 4.6 600 43%
* Upper 60 chi square confidence limit
t Failure rate based on operation period
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TABLE VI-3.MICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

TRAVELING WAVE TUBES

Tube Peak Avg. Failures/
No./ No. of No. of Puvr. Pur. Freq. 106 Hours +
System Tubes Failures (KW) (W) (MHz) \)
VISR521041 136 84 5 10 5600 145
ZM3167 484 443 5 10 5600 88
MA2001A 35 29 cw 250 560 165
VA138D 31 23 cW 70 420 53
WJ3751 16 4 cw .001 2900 90%
§M5768 31 24 2203
§VA643 40 29 607
§ALQ94 158 158 HB 4530
§ALQY94 156 156 MB 4470
§ALQ94 65 65 LB 1865
§ALQ101 53 53 MB 4350
§ALQ101 36 36 LB 4350
§ALQLL7 27 27 1100
§ALQ117 KX] 33 HB 910
§ALQ119 261 261 HB 1475
§ALQ119 131 131 MB 1185
§ALQ119 151 151 LB 1460

* Upper 607% chi square confidence limit
A Failure rate based on operation period
§ Classified Power gnd Frequency
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TABLE VI «4,MICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

MAGNETRONS
Peak Avg. Faélures/
Tube No. of No. of Pwr, Pwr. Freg. 10" Hours ¥t
No. Tubes  Failures o) (kW) (MHz) &)
QK338A 3200 3148 4.5 4.5 2800 %63
6410A 10 1 4.5 4.5 2800 535%*
7529 5 0 3.5 3.5 2800 353%*
QK327A 455 433 3.5 2.5 2800 432
QK3274A 6 1 3.5 2.5 2800 367%%
SFD356 29 0 2.2 2.4 2870 125%%
6517 3 0 1 1.3 1300 1267%*
400615 74 53 1 1 1300 452
5586 F/M 131 88 800 KW 400 W 2800 559
5586 31 23 800 KW 400 W 2800 499
Fixed
5586 %0 69 800 KW 400 W 2800 669
Mobile
8798 F/M 1391 1160 450 KW 450 W 2800 | 479
8798 327 280 450 KW 450 W 2800 379
Fixed
8798 737 610 450 KW 450 W 2800 464 A
Mobile
5780 10 0 250 KW 250 W 9000 80*x .
SFD352 118 5 230 KW 253 W 9000 263%%
|
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TABLE VI-4, (Cont{nued)

MAGNETRONS (Cont'd)

Peak Avg. Failures/
Tube No. of No. of Pwr. Pwr. Freq. 108 Hours +
No. Tubes Failures (W) (KW) (MHz) )
6344 13 3 175 KW 149 w 5640 335%%
SFD370 7 0 90 KW 9 W 9250 105%*
SFD377A 3 0 90 KW 90 W 9375 200%*
SFD342 28 0 75 KW 65 W 16500 55%%
7452 10 0 70 KW 196 W 16000 263%*
BLM198 8 0 70 KW 84 W 16250 213%*
7256 F/M 1832 1554 40 KW 4O W 9100 533
7256 15 1 40 KW 40 W 9100 159%*
7256 706 619 40 KW 4O W 9100 520
Fixed
7256 855 714 40 KW 40w 9100 554
Mobile
2J55 5 0 40 Kw 40 W 9375 366%%

** Manufacturer's life test data - upper 60% chi square confidence limit
+ Failure rate based on operation period unless data are manufacturer's
life test results
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TABLE VI-5.MICROWAVE

TUBE CHARACTERYSTICS AND FAILURE RATES

TW?STRONS

Peak Avg. Failures/
Tube No. of No. of Pwr. Pwr. Freq. 106 Hours t
No. Tubes Failures (MW) (KW) (MHz) )
VA913A 135 123 5 10 5500 225
VAL4S5H 17 13 5 10 3000 487
VALl4S5E 42 28 3 5 3000 449
SvAl4s 40 30 847

t Failure rate based on operation period

§ Classified Power and Frequency

TABLE VI-6 MICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

GRIDDED TUBES

Peak Avg. railures/
Tube No. of No. of Pur. Pwr. Treq, 106 Hours +
No. Tubes Failures (Xxw) (KW) (MHz) \)
7835 167 159 10 MW 60 450 136
2041 363 339 300 3 430 142
6952 424 414 224 4 430 390

+ Failure rate based on operation period
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TABLE VI-7,MICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

AMPLITRON
Peak Avg. Failure/
Tube No. of No. Power Power Freq. 106 Hours +
No. Tubes Failed (2)
5QK681 208 201 260
- § Classified Power and Frequency

TABLE VI-8 MICROWAVE TUBE CHARACTERISTICS AND FAILURE RATES

CROSSED FIELD AMPLIFIER

Peak Avg. Failure/
Tube No. of No. Power Power Freq. 106 Hours +
No. Tubes Failed (KW) (Xw) )
SFD261 52 10 125 1 S 209*
SFD261 10 5 125 1 S 127%%

* Upper 60% chi square confidence limit

** Manufacturer's life test data - upper 60% chi square confidence limit

+ Failure rate based on operation period unless data are manufacturer's life

test results
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Because relfability models have not been developed for all tubes due to a

lack of sufficent data, an avpropriate engineering judgement will be necessary
to obtain a fallure rate prediction for a tube which has not been modeled.

The engineer may consider reliability models for tubea wi.th characteristics
similar to the tubte of interest as a basis for a judgenment leading to the de~
sired religbility prediction. Other models have been developed based on the
individual tube type reliability modela which predict the reliability of tube
classes (klystrons, TWT's, etc.) based on tube parametric classifications.
These tube class reliability models may be used where no model is available for

a specific tube of interest,

C. Individual Tube Type Removal Criteria Models

The failure rates and frequency af accurrence for each of the removal
criteria for each tube studied are summarized in TablesVI-9 through VI-23,

The product of the frequency of occurrence and failuvre rate for each removal
criterion is a measure of the relative contribution of each removal criterion
to the overall failure rate of the tube.

The relative contribution to a t sus's failure rate by the various removal
criteria may be used as a guide to direct corrective actions for the purpose of
reliability improvement., The reduction of the failure rate for the removal
’criterion having the largest contribution will reduce the failure rate of the
tube, therefore, reducing the expenditures necessary to replace failed tubes.
Removal criteria having a significant secondary and tertiary contribution to
the overall failure rate should also be considered in a reliability improvement
research program. Research to reduce the failure rate for any removal
criterion should not necessarily concentrate on improving only the tube. The
system or at least the tube-system interface, in many cases is the cause of

ltube failures.
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D. Individual Tube Type Wearout Times

The cumulative Weibull hazard plots were inspected to determine apprcpriate
wearout region for each tube analyzed. A steep decrease of slope on the cumulative
hazard plot indicates the wearout point. Tables VI-25 through VI-30 summarize
the results of the wearout analysis. The wearout region of tube 1life is that
period when the failure rate begins to increase as the radiant time increases.
Lepending on considerations of tube cost and maintenance cost for a particular
system, it may be desirable to remove an operating tube when it reaches che
beginaing of the wearout perfod listed. This is a preventative maintenance
practice because the probability of a tuhbe failing begins to increase more
rapidly for a tube in the wearout region of the 1life cvcle than for a tube in

the operating period.

E. Modifying Facters

In order that the reliability models developed during the study be consistent
with MIL-HDBK-217B, they are based on the reliability of tubes in fixed ground
based installations and on the reliability of tubes which have been in use for
several years. To predict the reliability of a tube net in the above two
categories, modifying factors describing the effects of eiwvironment and learning
must be applied to the model.

1. Environmental Factors
a. Ground Wtixzed
Over half of the tubes in the MeClellan data were operated in a ground
fixed environment. Tubes used in ground fixed systems generally have a lower
failure rate than tuhes in other environments because there is less vibracion
and more protective equipment in the ground fixed systems. Since it is the

reference environment, the ground fixed factor is arbitrarily given the value of

ocne.,
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TABLE VI~25. BEGINNING OF WEAROUT PERIOD FOR MICROWAVE TUBE LIFE CYCLES

CW KLYSTRONS

Weibull Beginning of

Shape Wearout
Tube Parameter Period
No. (B) (Hours)
4KM50LB .61 1100*
3K50000LF 1.42 2000%*
4KM508J .99 2100%
VA800E 1.07 3000+
3K50000LA .94 3500
8826 .65 5000%*
4K3CC .78 5000
4K 38K 1.32 6500%
8825 .72 9000*
3KM300LA .64 10000
8824 .82 10000*
VA853 .85 10000
3KM50000PA2 .75 16000
3K3000LQ .64 9000
4KM3000LR .61 13500
VA888E .92 20000* ‘
VA8568 .81 22000*
4KM50000LQ 1.21 20000
5X50000LQ 1.14 34000%
3KM50000PAL .75 40000*




TABLE VI~25 (Continved)

§ %"‘\"
CW KLYSTRONS (Cont'd)
Weibull Beginning of
. Shape Wearout
Tube Parameter Period
No. (B) (Hours)
: 4KMSOLC 1.9 40000%*

4KM50SK 1.07 46000%*
4KM170000LA 3.79 50000%*
3KM50000PA .81 57000%*

; 3K210000LQ .69 71000%
4KM50000LR .88 80000%*

%

¢ 3KM30000LA .75 100000*
*No wezrout observed; maximum failure time recorded.
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TABLE VI-26. BEGINNING OF WEAROUT PERIOD FOR MICROWAVE TUBE LIFE CVCLES

PULSED KLYSTRONS

Weibull Beginning of
Shape Wearout
Tube Parameter Period
No. (8) . (Hours) .
ZM3038A .75 7500
4670 .50 10000 ’
8568 .55 10700
VA842 .54 13000
250104 .78 13000
X780D .59 18000*
L3493 .83 20000
4KMP10000LF .78 30000
SAC424 .80 80000*
L3250 .64 90000*
L3035 .88 90000%*

*No wearout observed; maximum failure time recorded.
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TAPLE vI-27, BEGINNING OF WCAROUT PERIOD FOR MICROWAVE TUBE LIFE CYCLES

TRAVELING WAVE TUBES

Weibull Beginning of

Shape Wearout
Tube Parameter Period
No. (B) (Hours)
M5768 1.23 750
WJ3751 1.07 2300%
VA643 .63 3000
VA138D 1.01 4200%
MA2001A .71 10000
ZM3167 1.04 60000*
VIR5210A1 1.28 21000%*

*No wearout observed; maximum failure time recorded.
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TABLE VI-28. BEGINNING OF WEAROUT PERIOD FOR MICROWAVE TUBE LIFE CYCLES

A
¢

' MAGNETRONS

‘Weibull Beginning of

Shape Wearout
Tube Parameter Period
Ne. (&) _ (Hours) .
(256 Fixed 1.45 4900
7256 Mobile 1.44 5200 -
8798 Mobile 1.14 6000
5586 Fixed .99 8000*
5586 Mobile .87 8000%
5586 F/M .83 9000*
7256 F/M 1.45 10000%*
8798 Fixed 1.15 9500
400615 .92 11000*
QK327A 1.04 19000*
8798 F/M 1.11 25000%*
QK338A .88 35000%

*No wearout observed; maximum failure time recorded.
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TABLE VI-29. BEGINNING OF WEAROUT PERIOD FOR MICROWAVE TUBE LIFE CYCLLS

TWYSTRONS
Weibull Beginning of
Shape Wearout
Tube Parameter Period
No. (B) (Hours)
VAl44 .66 4100%*
VA145E .73 6000
VA145H .67 9000*
VA913A .90 11000

*No wearout observed; maximum failure time recorded.

TABLE VI-30 BEGINNING OF WEAROUT PERIOD FOR MICROWAVE TUBE LIFE CYCLES

GRIDDED TUBES

Weibull Beginning of
Shape Wearout
Tube Parameter Period
No. ~(B) (Hours)
6952 1.12 7000
2041 .87 13000
7835 .93 15000
73
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b. Ground Mobile

Tubes in ground mobile systems are subjected to more vibration and
have less protective equipment than those in a fixed environment. Several
tube types in the data were used both in fixed and mobile environments. By
comparing the reliability of tubes in a mobile environment with tubes having
similar operating parameters used in a fixed environment and tubes used in
both environments, the ground mobile factor was found to be 3.

c. Airborne Inhabited

Airborne inhabited environment refers to tubes operated in the air-
craft as opposed to a pod. This environment subjects a tube to more, and
usually higher frequency vibration than a mobile or fixed ground based en-
vironment, There are more abrupt joits due to landings and air maneuvers.
Appropriate comparison of the failure rate of tubes in an airborne inhabited
environment with the faflure rate of tubes in ocher environments resulted in
modifying factors of 6.5,

d. Airborne Uninhabited

The airborne uninhabited environment refers primarily to systems
located in wing pods. These units are subjected to even greater vibrations
and jolts as the wings vibrate mcie than the fuselage. Appropriate comparison
of the reliability of the pe? tubes with the reliability of tubes in other
environments resulted in a modifying factor of 8.

e. Naval Sheltered

The naval sheltered environment refers to seagoing systems which are
protected from the weather. These tubes suffer a higher failure rate than
ground based systems due to the corrosive effecis of the salt laden air,
vibration, and less protective equipment than the ground based systems. The

reliability of raval sheltered tubes appropriately compared to thc reliability

74




[

of tubes in other environments pesulted in a naval sheltered environmental
factor of 6.5.

Table VI-31 summarizes the environmental madifying factors.

2. Learning Factor

The learning factor refers to the improvement in failure rate due to
learning in the production,operation,and maintenance processes. For tubes
being built and used for the first time, there may b~ production and operation
problems which can result in a high failure rate. With time the problems are
solved, and workers gain expertise in constricting and operating the tubes.
Ag a result, the failure rate decreases as more tubes are built and used.
Some of the tubes i{n the data base were in the one to three-year age category.
Comparing the failure rate of these tubes with the failure rate of tubes
with similar operating parameters which have been in production many years
resulted in a learning factor of 3, Tubes which have been in production for
over three years did not display noticeable dirferences in fzilure rate from
the older tubes. There were 1. tubes which had been in production less than
a year in the data base., The learning factor of 10 for this age category
was adopted from the MIL~HDBK-217B. Table VI-3X summarizes the learning factors
to be used when predicting tube reliability with the models presented in this

section.

F. Overall Failure Rate Models
Failure rates for the following classes of tube have been modeled as a
function of tube operating parameters and are consistent with MIL-HDBK-217B

notation:

1. Klystrons -

2., Magnetvrons

3. Traveling Wave Tubes

4, Twystrons

S. Gridded Tubes (Tetrodes and Triodes)
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TABLE VI~-31, ENVIRONMENTAL MODIFYING FACTORS

ENVIRONMENT FACTOR ("F)
GROUND FIXED (GF) 1.0
GROUND MOBILE (GM) 3.0
AIRBORNE INHABITED (AI) 6.5
AIRBORNE UNINHABITED (AU) 8.0
NAVAL SHELTERED (Ns) 6.5
TABLE VI-32 LEARNING FACTORS
PERIOD T,
Less than 1 year 10.0
1 - 3 years 3.0
More than 3 years 1.0
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Recall from section V, the basic model structure for the overall failure

rate model is

- %

where Ap = part failure rate

kb"E"L failures per 106 hr. (vI-1

1

function of tube operating parameters

base failure rate

My

function of tube operating paramete 3

[}

environmental factor

g

learning factor

™,

A procedure for use of the medel in estimating failure rates is as follows:
Step 1: Identify the tube parameters indicated in Table V{-33 for the
appropriate tube class.

Step 2. Compute the following parameters of the tube:

a. For W klystrons, multiply average power in KW by frequency in Gtiz to
obtain a parameter with units of KW-GHz,

b. For pulsed klystrons, multiply peak power in MW by frequency in ‘iz
to obtain a MW-GHz parameter.

c¢c. For pulsed magnetrons, multiply peak power in MW by frequency in {Hz
to obtain 2 MW-GHz parameter,

d. For CW TWT's, multiply average power in W by frequency in GHz to
obtain a W-GHz parameter,

e. Yor pulsed TWT's, multiply peak power in KW by frequency in GHz
to obtain a KW-GHz parameter,

f. For pulsed Twystrons, multiply peak power in MW by frequency i.. Iz

@ to ohtain a parameter with units of MW-GHz,

77
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TABLE VI-33,TUBE PARAMNZ.ERS REQUIRED
OVERALL FAILURE RATE MODEL

TYPE TUBE PARAMETERS NEEDED

O Klystronms Average power, frequency

Pulsed Klystrons Peak power, frequency

Pulsed Magnetrons Peak power, duty cycle,
frequency

Pulsed TWT's Peak power, frequency

Ck TWI's Average power, frequency

Gridded Tubes Duty cycle

Twystrons Peak power, frequency

——

TABLE VI-34.CW KLYSTRON BASE FAILURE RATES

POWER X FREQUENCY ﬁ?ILURES PER
W) x (GHz) 10” HOURS ()‘b)
Below 7 20
7-10 45
10-35 55
Above 35 150
78
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Step 3. Enter the appropriate table (Table VI-34 through VI-40) to deterrine

the base failure rate (Ab).
Step 4. Enter Table VI-3l to determine the environmental factor, "E'
Step 5. Enter Table VI-32 to determine the learning factor, HL.
Step 6. Compute the predicted part failure rate as the product of the
base failure rate, the environmental factor, and the learning factor, i.e.,

Rp gkb"E"L failures per million hours.

G. Removal Criteria Models
Failure rates and importance factors for removal criteria for the follow-
ing classes of tubes have been modeled as a function of tube operating para-

meters and are consistent with MIL-HDBK-217B notation. The classes of tubes

are
1. Klystrons
" 2. Magnetrons
3. Traveling Wave Tubes
4. Twystrons
5. fGrilded Tubes (Tetrodes and Triodes)

Recall from section V, the basic model structure for the tube class re-

moval criteria model 1is

Ab = klll 4+ kzkz + ... F knxh (Vi-2)

)\p‘ = )bnEﬂL Vi-3)

kb = base fallure rate

=
t

1 weighting factor for removal criterion i

*1 = fajlure rate for removal criterion !

o
]

part failure rate

m:!
]

environmental modifying factors

learning factors

e
]

80

o s mee vem———




TABLE VI-35.PULSED KLYSTRONS BASE FAILURE RATES

PEAK POWER X FREQUENCY FAILURES PER
() X (Gliz) 10° HOURS (A,)
Below 10 80
10-25 120
25-35 180
Above 35 240

TITLE VI~36.PULSED MAGNETRCNS BASE FAILURE RATES

6

FAILURES PER 10 HOURS (Ab)
PEAK POWER X FREQUENCY DUTY CYCLE
(MW) X (GHZ) Below 0.001 Above 0.001
Below 5 410 440
5-10 430 460

Above 10 450 470
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TABLE VI~37,C4 TWT'S BASE FAILURE RATES

AVERAGE POWER X imqumcy FAILYRES PER
(W) X (GHz) 106 HOURS (A,
Below 100 60
100-500 200
500-1000 450
Above 1000 550

TITLE VI-38 .PULSED TWT'S BASE FAILURE RAYES

"PEAX POWER X FREOQUENCY uiﬂuus PER
) X (GHe) 106 HOURS (%)

Below 100 110
100-200 180
200-300 220

Above 300 . 260
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TABLE. VI=39, PILSED GRIDDED TUBFS BASF FAILURE RATES

FAILURES PER

DUTY CYCLE 106 HOURS (kb)

Below 90,0075 175
0.0075-0.0150 200
0,0150-0.0220 400

TITLE VI=40, PULSED TWYSTRONS BASE FAILURF RATES

PEAK POWER X FREQUENCY FATILURES PFR
MW) X (Gliz) 10° HOURS ()
Belhw 10 150
10-20 175
20-30 275
Above 30 300
88
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The removal criteria models are useful for the prediction of tube failure

rate.

The following steps are a suggested method for using the models:

Step 1. [Determine the appropriate tube parameters indicated in Table Vi-41

for each tube type,

Step 2. Compute the following tube parameters.

a.

For (W klystrons, multiply the average power iu KW by frequency in
GHz to obtain a parameter with units of KW-GHz.

For pulsed klystrons, multiply peak power in MW by frequency in GHz
to obtain a parameter with units of MW-GHz.

For pulsed magnetrons, muyltiply peak power in MW by frequency in GHz
to obtain a parameter with units of MW-GHz.

For CW TWT's, multiply average power in W by frequency in GHz to
obtain a parameter with units of W-GHz.

For pulsed TWT's, muitiply peak power in KW by frequency in GHz to
obtain a parameter in KWw-GHz.

For pulsed Twystrons, multiply peak power in MW by frequency in

GHz to obtain a parameter of MW-GCHz.

Step 3. Enter the appropriate table (TableVI=42 throughVI-49 ) to determine

the importance factor, k

4 and the predicted base failure rate Aifor each removal

criterion.

Step 4. Multiply the base failure rate by the importance factor for each

removal criterion and sum thege products to obtain the overall bas¢ failure

rate Ab’ where

n
R (VI-4)

1=]

Step 5. Determine the environmental and learning factors from Tables VI-31

and VI-32.
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TAELE VI-41,TUBZ PARAMETERS REQUIRED
KEMOVAL CRITERIA MODEL

TUBE TYPE PARAMETERS NEEDED

CW Klystrons Average power, frequency

Pulsed Klystrons Peak power, frequency

Magnetrons Duty cycle, peak power,
frequency

CW IWT's Average power, frequency

Pulsed TWT's Peak power, frequency

Gridded Tubes Duty cycle

Twystrons Peak power, frequency
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TABLE V1~42.FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERLON

CW KLYSTRONS

AVERAGE POWER X FREGUENCY (KW)X(GHz)

_BELOW 7 7-10 10-35 ABOVE 35
REMOVAL CRITERION  M° K™ N Ky Nk Mook
FILAMENT 80 .28 70 .21 70 .05 50 .04
EMISSION 5 .30 50 .06 50 .16 50 .05
GASSY 100 .20 100 .16 120 .16 120 .40
MECHANICAL 150 .06 150 .06 150 .06 150 .06
FOCUSING 100 .04 100 .06 116 .08 120 .06
ARCING/SHORT 120 .12 200 .13 250 .13 350 .10
WAVEGUIDE SYSTEM 100 .04 130 .12 190 .08 210 .12
COOLING SYSTEM - 80 .06 80 .20 100 .28 200 .17
e .22 .42 44 .92

*Xi= Failures per 106 Hours

**ki= Probability of Removal Criterion Occurrence
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TABLE VI~-43.FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

PULSED KLYSTRONS

PEAK POWER X FREQUENCY {(MW)X(GHz)

BELOW 10 10-25 25-35 ABOVE 35
REMOVAL CRITERION M & Ao kg Mok M %
FILAMENT 70 .04 100 .03 350 .04 450 .04
EMISSION 80 .10 100 .16 150 .16 200 .12
GASSY 160 .36 180 .26 200 .28 260 .20
MECHANI CAL 90 .10 100 .07 170 .06 260 .05
FOCUSING 120 .02 170 .04 220 .02 260 .02
COOLANT LEAK 100 .03 150 .06 150 .03 160 .02
ARCING/SHORT 90 .15 160 .14 226 .12 300 .1C
OJL SYSTEM 90 .03 120 .08 260 .14 320 .14
WINDOW ARCING 90 .04 100 .04 200 .04 230 .16
MAGNETIC SYSTEM 130 .04 140 .04 150 .04 160 .03
WAVEGUIDE SYSTEM 120 .04 120 .02 130 .02 140 .02
COOLING SYSTEr 60 .05 120 .06 230 .05 290 .03
e 69 .86 .88 .94
94
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TABLE VI-44, FAILURE RATES AND IMPORTANCE FACTORS BY KEMOVAL CRITERION

MAGNETRONS

DUTY CYCLE BELOW .001

“EAK POWER X FREQUENCY (MW)X(GHz)

BELOW 5 _.5-16
REMOVAL CRITE ICN Ay kg A\ ky
FLLANEY: . 600 .06 600 .37
EMISSTIGN 500 .28 500 .10
SASSY 550 .30 760 .07
WINLOW 410 .01 430 .01
MECAANLCAL 410 .01 430 .01
ARCIHNG/SHORT 490 .29 420 .26
OYL SYSTEM 410 .01 674 .05
WINi» W ARCING 419 At 430 .01
MAG. . "XC SYSTEM 410 .01 430 .01
WAVEGUIDE SYS™ s 410 .01 600 .05
COOLING SYSTEM 410 .01 590 .06
e .80 .80
95




TABLE VI-45.FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

sl MAGNETRONS

Y CYCLE ABOVE .001
PEAK POWER X FREQUENCY (MW)X(GHz)

BELOW 5 5-10 ABOVE 10
REMOVAL CRITERION M ky A ky M kg
FILAMENT 435 .04 435 .21 435 .37
EMISSTION 300 .19 310 12 320 .05
GASSY 650 .30 770 .26 890 .20
W INDOW 450 .02 460 .01 470 .01
MECHANICAL 600 .05 600 .03 600 .01
ARCING/SHORT 500 .22 500 .18 500 .13
OIL SYSTEM 700 .03 700 .05 700 .08

% MAGNFTIC SYSTEN 4o .01 460 01 470 .01
WAVEGUIDE SYSTEM 600 .08 610 .07 620 .07
COOLING SYSTEM 700 .03 700 .02 700 .02
WINDOW ARCING 60U .03 600 .04 600 .05
I .33 .82 .76

S e

N
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TABLE VI-46. FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

CW TWT'S

AVERAGE POWER X FREQUENCY (W)X(GHz)

BELOW 100 ABOVE 100

REMOVAL CRITERION A k. AL k,

FILAMENT 140 .15 110 .25
EMISSION 80 .43 205 .25
GASSY 70 .31 900 .34
FOCUSING 70 .01 200 .01
COOLANT LEAK 70 .01 200 .01
ARCING/SHORT 70 .06 320 .11
WINDOW ARCING 70 .01 200 .01
MAGNETIC SYSTEM 70 .01 200 .01
WAVEGUIDE SYSTEM 70 .01 200 .01
n )

97




P oo

TABLE VI-47.FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

PULSED TWT'S

PEAK POWER X FREQUENCY (KW)X(GHz)

BELOW_100 ABOVE_100
REMOVAL CRITERION M k, Ay ky
FILAMENT 142 .06 310 .04
EMISS ION 90 .70 310 .09
GASSY 160 .06 310 .21
WINDOW 200 .01 310 12
FOCUSING 200 .01 310 .01
COOLANT LEAK 200 .01 310 .01
ARCING/SHORT 160 .10 310 17
WINDGW ARCING 200 .01 310 .01
MAGNETIC 5YSTEM 200 .01 310 .01
WAVEGUIDE SYST™.M 120 .02 310 .21
COOLING SYSTEM 200 .01 310 .12
I, .99
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TABLE VI-48 FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERION

PULSED TWYSTRONS

PEAK POWER X FREQUENCY (MW)X(GHz)

BELOW_10 10-20 20-30  ABOVE 30
REMOVAL CRITERION 1 %1 1 ¥ Ay K Ay Ky
FILAMENT 150 .07 175 .08 275 .0l 300 .0l
BAISS" 150 .04 175 .14 250 .21 300 .16
GATT . 150 .38 175 .29 390 .30 300 .29
WINDUS 156 .01 175 .01 275 .01 300 .18
FOCUSING 150 .04 175 .01 370 .12 300 .01
COOLANT LEAK 150 .04 175 .14 275 .02 300 .07
OIL SYSTEM 150 .07 175 .14 275 .15 300 .01
HEATER SEAL 150 .01 175 .01 275 .01 300 .0l
WINDOW ARCING 150 .11 175 .01 275 .02 300 .0l
ARCING/SHORT 150 .11 175 .01l 275 .05 300 .13

MAGNETIC SYSTEM 150 .04 175 .14 275 .02 300 .07
WAVECUIDE SYSTEM 150 .07 175 .01 275 ,01 300 .01

COOLING SYSTEM 150 .01 175 .01 200 .07 300 .04
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¥ TABLE VI-49 FAILURE RATES AND IMPORTANCE FACTORS BY REMOVAL CRITERLON

GRIDDEL TUBES

DUTY CYCLE
BELOW 0.0075 0.0075-0.0150 0.0150-0.0220 ,
REMOVAL CRITERION N kg Mok M ky
FILAMENT 160 .03 160 .04 160 .02 .
£42 S3ION %0 .15 120 .18 350 .50
6ASSY 200 .14 350 .05 550 .03
ARCTNG/SHORT 200 .55 240 .65 540 .40
WAV:GULOE SYSTEM 190 .06 20 .03 10 .02
COOLING SYSTEM 210 .07 250 .05 500 .03
! n .96 90 .93
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Step 6, Obtain the part failure rate as the product of the base failure

rate, the environmental facror, and the learning factor.

Np T Rt Wi=3)

The prediction of the failure rate will bLe somewhat higher than the failure
rate from the overall failure rate model as it is based on data from only those
tubes which have failed. To obtain a failure rate which will take iatc account
all tubes in service the part failure rate, A'p, computed above should be
multiplied by the HF factor found at the bottom of Table VI-42 through VI-49,
Tables VI~46 and VI-47 do not have a HF factor in the right hand colum:: because
the overall failure rate models and the removal criterion models for TWT's do

not cover the same parameter ranges. A new expression for part failure rate Is

The products of removal criterion failure rates and importance factors
obtained in Step 4 can be used to determine the importance of each removal
criterion to tube reliability., These individuzl products can be ranked to
determine the order of their importance, If a designer can justify the elim-
ination or reduction of frequency of a removal criterion's occurrence he may
revise the importance (k} factors. These may then be used with the failure _
rates from Tables VI-42 throughVI-49 to obtain a revised part failure rate. The

revised importance factors must sum to unity.

H. Example Application of Models
The FAA has recently specified a new air surveillance radar system [3]
to be designed and built, The new system is the ASR-8. [t will use a high

power klystron as the final transmitter stage. The klystron will operate in
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a frequency band centered around 2.8 GHz at one megawatt peak power. The

failure rate of pulsed klvstrons were modeled as a function of peak power
times frequency. The peak power times frequency parameter for the ASR-8
klystron is 2.8 MW x GHz. The learning factor (nL) from Table VI-32 is 1.0
due to the assumption that an existing klystron will be used in the ASR-8.

The eavironmental factor (ﬂh) from Table Vi~31 is 1.0 as the system is a fixed
ground based installation, The predicted overall base failure rate (Ab) is 80
failures per million hours (from Table VI-35) the part failure rate using (VI-1)

is

(1.0) (1.0) (80}

80 failures/106 hours

The removal criterion model is based on the same parameter (peak power

times frequency) as the overall failure rate model used in the above paragraph.

From Table VI-43,the failure rates (xi) and importance factors (ki) in Table
VI-50 are taken.

The fourth column in Table VI-50 is the product of the failure rate (Ai)
and the impori:ance factor (ki) for the listed removal criterion. The product,

>, x k,, 1s the relative contribution for removal criterion, i, to the overall

"1 i’
failure rate (Ab). The sum of these relative contributions is 115.5 failures per
million hours which is the overall fallure rate (Ab) of the tubes that have failed.

The factor, m_,, from Table VI-43 is 0,59 for the ASR~3 klystron., Using (VI-5)

F
and (VI-6), the tube fallure rate is

Ap = nFnEniAb (Iv-7)
= (,69) (1.0) (1.0) (115.6)

= 80 failures/lO6 hours
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TABLE VI-50.

REMOVAL CRITERIA MODEL FOR THE ASR-8 KLVSTRON

Contribution of

Failure Importanr Removal Criterion
Removal Criterion Rate 31, ki Ay X k
Filament 70 .04 2.8
Emission 80 .1 8.0
Gassy 160 .36 57.6
Mechanical 90 .1 9.0
Focusing 120 .02 2.4
Coolant Leak 100 .03 3.0
Arcing/Short 90 .15 i3.5
0il System 90 .03 2.7
window Arcing 90 .04 3.6
Magnetic System 130 .04 5.2
Waveguide System 120 .04 4.8
(ooring System 60 .05 3.0
f
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One interesting item in Table VI-50 is the relative contribution of the

gassy removal criterion. The failure rate for the gassy removal criterion is
160 and the importance factor is 0.36 resulting in a relative contributién of
57.6 which is practicaily half of the base failure rate of 115.6 failures
per million hours. To reduce the expected failure rate of the ASR-8 klystron
the faflure rate and/or frequency of occurrence (importance) must be reduced
for the gassy rgmoval criterion.
7. Utility of Models

The agencies that purchase systems employing micr;wave tubes are interected
not only in the initial cost of a system but alsc in the cost of operating the
system for a period of several years. Included in the yearly operational
cost for a group of systems 1s the cost of replacing the microwave tubes. Many
of these tubes are highly priced items, ranging from $10,000 teo $50,000 each,
with mean lifes of only a few thousand hours. For example, if 20 systems each
use a tube costing $31,000 with a mean life of 3500 hours, then the expected
yearly tube replacement cost assuming 2000 operating hours per system per year
will be $354,000.

In order to reduce the expected annual tube replacement cost for a
proposed system certain protective features could be included in the system's
specifications. The nature of these protective features would depend upon the
problems expected to occur in the operation of that specific system. The "k"
factors in the removal criteria model indicate the predominate removal criteria
for specific tube types with certain operating parameters. In many cases one of
the predominate removal criteria will have a higher failure rate than most other
criteria, A protective feature could be specified to reduce the frequency of
occurrence and/or failure rate of such a removal criterion resulting in an over-

all failure rate decrease and, therefore, a system operating cost decrease.
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VII. COST-RELIABILITY ANALYSIS

A. Objective

The objective of this portion of the research was to develop a decision
making procedure to determine if research to improve tube reliability is worth-
while from a cost reduction point of view. Reliability improvement usually
requires an investment in research, as well as an increase in the price of the
tube, The price increase is due to higner auality materials and equipment and/
or improved manufacturing procedures. The economic feasibility of the research
depends on the reliability improvement and the increase in cost which would re-
sult from the research.

The high cost of micrcwave tubes makes reliabilityv improvement seem attrac-
tive. To be cost-effective, however, the cost of the improvement r:ust be off-
set by an overall dgcrease in operating or replacement cost. This iwaprovement
involves research to lower the tube failure rate. The lower failure rate should
be such that the savings from buying fewer tubes pays for the possible increased
cost of the improved tube, and recovers the research investment within a
reasonable length of time.

Research may be undertaken in two ways. The first is research in the various
general technology areas with which high failure rates are associated. This is
fundamental research which should develop techniques and materials to improve
reliability applicable to a wide range of tubes. The direction and amount of re-
search in this area should be determined by considering the overall frequency
of occurrence of the various removal criteria,

The second area of research involves reliability improvement for specific
tubes. Rather thun basic research on fundamental aspects of tube design, in-.

dividual tubes should be studied in depth. This involves studying the manu-

facturing process to determine the cause of the removal criteria with the high-

est frequency of occurrence. Known methods should be employed to reduce failures
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in problem areas indicated by the reliability study. Emphasis on quality
control and materials standards should be increased.

The results from such a study should be a tube that lasts lomger, but
probably costs more. In each case analysis should be undertaken to determine
whether the research would be cost effective, based on best estimates of the

possible savings because of reliavility, improvement, and its cost.

B. Methcdology
1. Identification of Candidate Tubes

In identifying which tubes are the best candidates for reliability improve-
ment ,the tubes can be ranked by several different parameters. Each of these
parameters has merits as a measure of cost-benefit of reliability improvement,
The principal parameters that should be considered are the following:

1) COST/SOCKET/KW/M HR

2) TOTAL COST/iW/M HR

3) COST/SOCKET/M HR

4) TOTAL COST/M HR

5) COST/SOCKET/KW/YEAR

6) TOTAL COST/KW/YEAR

7) COST/SOCKET/YEAR

8) TOTAL COST/YEAR
where: 'KW'"indicates a kilowatt of average power,'M HR"indicates 106 hours of
operation, ''Total"” indicates the number of installations (sockets). Cost and
failure rate are common to all of the parameters.

Information on the above parameters was obtained on each of the tubes in-
rluded in the study, and an analysis was done to estublish rankings. Tables

viT-1 through VIi-8 contain the ranking of tubes by each of zhese parameters.

*Tables VII-5 through VII-8 have failure rate in units of failures per hundred
yeara due to a computer program requirement.




SIVNL ATUVS "IV NO SHIOM LRVIGVH IHL 10 NYID3 DLLIRBLINY 3L ST °31vd Da;vis
>1S00 ¥1vdi¥ GNY MIN 40 IS\WI4AY dINO19M THY ST LSO) 1NNew
109 [

o%e 00222 ~rpat AN VET6VA
6int “ £9s 26392 52091 ARl HENTYA
029 st 998 64922 €905 ARy IgeTyA
£54 l £6 £9s§ o2 183 CREIVA
2819 9 0s2 2619 (52 1K1 7TRO2YN
06502 o EL] §512 ¢ i 29T5HZ
9641$ 15 912 9652 3 LA TSHAA
911 6 set 896 ¢ 59009 141 7
oeg t 09 PR ¢n0 1 2565
96§ 22 o0y "556 900¢ 111 T02
2es 45 “in 0021 ange oYM VREIND
ns £2 950 0005 0052 ovu vi2ive
0%6 qn §56 T noe LYH 935¢
T0s7Y 2 348 §41t (s 97w 2624
§22% 22 v49 Seag 61€ s oYK £7919%
Ttes 222 £39 T (- oru 9524
£t ot os %3602 “ngss A% Z90VA
9% * 92 036 01052 A v190n0 2 VKN
32 22t ce 0562 tIs 1T AN PETRLrTINe
32 9 5% 2229 6963t A 205URN
"2 93 oy 8516 ¢1902 A £770005%n
02 ¢ tot 595§ 24022 AN 29090 05H NS
62 Tt %6 oete c3et A 27270 25KN
62 " "9t 2718 06052 A% 10%¢7
13 12 g6t 2498TT £1092 Aln QINEAYTING
sg s $6 09t 018107 A YINPERNE
& 59 .2 £692 te2 A vIe geNs
o 2t LT3 99£9 000¢€2 A TYa0AD CEHNG
S et 22t ngog 20832 A VAt CCSHNE
— in 2 T3] §2%¢ eneet A 4710008%¢
f e 12 $6 622 010571 AN 2g2¢1
= 19 601 9s 6tag 0002 AN N OERNS
= <9 % "9 9a1ts €199 AN SLaeT
99 $ " 9:66 €000 A FFI0WA
3 £2 R 2n 000" cag? ATx Y0 2rHNE
B "% £¢ 09 289t IR AN RS OGN
< 65t . 36 “956 T taezr A rErsue
1 ] 95% H 962 19657 LILHN Alx yes0in2
69% z 682 1992¢ 19962 AT couey
£t " 222 565¢T (152t AT 105NN
"2 133 202 25987 citst A vetyez
tae it 9L 9:1g cneot AN vEIN006uE
"g2 ot 'Y 26987 €19 a7 PLEYRTEMT
gng 131 iz 955E L3e? AN 0954vA
029 3 sS4 v92¢ c10% A% NSIxn
121 161 X 962 390¢ AT IERIVA
9328 [ {1} 102¢ I AT SOiNN
(X} 7 (SEH H)/ ($2)

BIN0d 1OVRIAY 40 AN Hid ASLLVA)

SYH NOY‘ITIR ¥4 SNOILIVYTIVILN] »SHH NOTTTI¢ (Sav1toa) HInod
13X208 ¥ 71 LSQD ans Hid SI¥DUIVA »edS00 1IND JOVHIAY AdAl HAGAN 380

HAM0L 4OVHIAY 40 AN AL SAI0H ROITTIK 377d J3ND0S HAd 1SOD MO QASYE IKINNVY WLIT119VI 38 -1500 480} HAVRO¥DIR

el
AR et

.
Y fogaes 3t N ¥
e it B o 6,

VLY

. RN It
Wt iy

S S
SR




S3EAL @AV TIV KO SEN0H INVIQVE 3HD S¢ KYEK DTLURHLTEY HL 51 34VY DITIvEe
iy 0D BIVA34_ORY Al JO 39VEIAY QQiIHDIIM IRL ST 1S0D JIRNes

052% ” £95 26942 €1097 AML HENTYA
5998 £t Ite 09322 hELT:3+ anL vET6VA
20509 st 998 66922 030S Ang 26MTVA
SESEL i £6 £958 o iy COEIVA
2$TLE 9 %2 2619 052 e 231002vN
002320 9" pot £592 et ey 29TEK2 .
LIS {TF 15 912 96£2 . 0% my ¥v1T2531h
%01 6 £et 9910¢ 27019 111 5164 ,
£OTe T 094 20:¢ 090" 431 2569
173131 22 134 #5506 0707 £34 T2 !
$952 26 aLn 0921 £ oYK VeLaY ,
$852% g2 95 00n¢ 0952 oYW vLi2i%0
99965 22 929 LT ~gT 5am ¢1930-
2528% 99 566 9.8 01" oYK 995¢ o
XL LI e $25 S4T3 (1) Vi 9649
2000882 22 £09 05S t" W 952
99 &) 92 90384 09052 AN vI00N0ITRNS .
"% F (T3 s2nt 000t An 379000S ¢
£3 ] 9 5% 2229 (TT131 AN A5 NN
941 $ $6 ow3Le 006007 A VI00CHNE
052 '3 0s “CHO2 €052 AT ShUVA
T2 33 86 L1 n{Y ISt AN 001005WNN .
oSt S " 'H Y] c39nt AT 203394 .
(133 2 68¢ 1932¢ 0n0SL AN one.x 0 ,
) Uy 2t g £9:9 000¢2 AN 1¥d0900SHNSE = oo
. e », 13 %908t ca027 ATx £SI6RNN - =
%9 12 6t 25011 00092 AT 070500T2x¢ .
~ “9 L 222 $S66°T 00set Ax LRI T ,_
) 31 (3] w2t TRY] CRLLT S AT® Va0 IGHXS i
- §26 3N te% $9$% 20022 AN 2vannasHNg tL
W. 113 42 56 6342 09087 An 052£7 .
££9% 99 e $63¢ €900t ATx [ RLTLETT LY ,
Py %12 w4 (1} 21187 00052 A £99¢1 ‘
— 40%2 133 . 202 1598% G206% AN vATISZ k
-] 0392 9"t kY73 9338 0coaY 2 vI300069¢ !
h LY $9 02 2592 t902 2% 010862%¢
£4s2 31 Y3 000ST c09~ AN 473010 duN
2892 923 i 2562 r963Y AN IO GSKNY
2042 4: v 200% €9e? AN LARFTIT TS
£242 £: CE] 250t 9192¢ ATn ASASHNS
ETE 1 32 "2 1965 9100¢ AN veLIENZ
~10¢ 1t £¢ 856 0192 ATn I
216% 13 "R 991s 199 Al SEIET
8049 631 3 $3%3 302 ATx 371900ERN
19113 et s2 0928 010° An ngIAe
92162 & 09 £$ 0121 A 007 % .
3L9242 ot 61% 962 £003 Al 3003VA

(M) /(SuH R/ ($%}

¥3M04 3OVNIAY 40 MY ¥3d (siiva)
SHH NOITIIN ¥3d SNOLLY1IVISNI +S¥H ROTTTIN (SUv1100) H3IN0d
1>yl Y101 4s31a ¥i4 SAEATIVE »¥.S0D 1INN AOVE3AY KALSS Y3INHAR 3

WINOA ADVHAAY 0 8% W34 SHIOH ROUVIIR ¥3d 1S0D "IVI0L MY (ISVR DNINRYY L ALIT UV 13Y~LS0D {912 fAVAORD IR

N IR LIA < [ s —
Yirld B e




i
S3IWIL 137IVd 11V zomw;“wmzx._nﬂ.ummé .mE.. 30 R¥IN J1IIRKLIBY FHL ©1 Five FANTIVs
QRY M3IN 30 FOVHIAY TIIHDI3M aHl ST 150D LiNdss
8299 ] (343 00122 0002% AN YIT67A
ShEWY ) N 26942 0n00T AR HENTYA )
20382 ST 9Ise 66322 ¢70s any IENTYA
$02 iy 5oy £592 1M 249T2H2
I5E 2z f6 £95< ine CSTTVA
35 131 312 s6f2 inl YATZSIA
sest 9 052 2618 ing AT
“"wes 6 cey €9%8¢ 131 sE6¢
T25% T 09 FX 14+ 131 2569
964t 22 134 LTe s i ™02
9cg 222 £09 955 oYM 9522
1y 99 (T I 99s¢
6% 25 092t oM vosing
$i9 2 $23% LN 0640
(T131 £z 000 SYM v223N0
(113 22 LTS ovn €1930% °
LY $3 £59% A CITeaENg
£21 63 ST A1 ERLIYICLY
(T14 48 (11 AN VIVGOEHNE
"2 923 05672 A% ERIELEI 1
92 99 $STS AT DVITODSH™
.2 9 2289 Alx 125N
: 98¢ " [ 1914 An (R RLELAN L
£y » 991¢ ATn €gE
. 2y 2 s2%¢ AR 370006Ng ,
129 et "0 AN PIY e LI . :
49 Y S9SE ATn Svaroorsung "
: 198 $ 8¢6§ AT F009VA b2a] 0 gl
", T £69 3 sese AN €953VA < B
.. fo 4¢3 &2 8iid AV% g2 N
B = 906 [ 29 nive Atx YdRADISHNE
) > 918 2t 9955 A1 TEENNQISHNE
. st £e 2609t AN NS CGHNS
Q (1T} et 92682 A 2%9vA
by gLt 7" [ T311] AT FRLLEI ST L)
] 1828 267 062 AT 2¢02vA
™ (TF3 1 v (1113 AT LR PLLEYE {3 ]
T43% o 4956 AN rSOSHN%
932 we 23187 A €55L7 ¢
922 12 150%Y AN 01070032%; i
£4¢2 ] 5507 AN GILGHNS .
03w2 h} 1 9-1¢ A vInaaague :
2e2¢ 131 250€3 AN ¥11162
9288 S TR TH A L AT T TS
sovs 3 £14€ Al 203%%
269% 12 19661 AN LT H T .
s042¢% 2 1932¢ AN 0%edx 5
(SUH RY/(sX) (siivn)
SY¥H NOITTIW ¥34 SNOTLYTIIVISN] #SUR NOITTIH (S¥v1104) WINOd
13A20S 434 150D a1314d ¥3d SIuUN1LVI «x1S0D 1IXY 0DViIAY AdxL HIMAN 3911 .
SHNCH NOITTIH ¥3d 24N00S ¥3d 1S0D KO Q3ISVE ONINRVE ALTTIEVITIN-1S0D RA0L IAVAOEDIR
* - -
o - h ' o SRRSO,
D a2 -~ —— e ——
e - W A




Table ViI-4

£cot9t
9:192%2

(S H W)/ (5X)
SHH t OITTIH ¥34
1S(D Va0

SRO1LYTIVISN]
Q7313

SHAOH NOI'ITIR ¥1d 150D 7IVI0L NO G3SVE DNINRVY ALITIGVITRN-ISOD FUNL IAVMOWDIR

1088
[ 234
989

»SUH NOITTIN
¥3id SNINTIVI

S38NL G31vY3 1TV

269%2
opn22
68922
£9s§
£692
2679
9€£2
e9TeL
FR14Y
~456
iz
0oog
0921
SLot
855
$47%
ETAS
2289
8560
0£ e
£692
[1.01 &
083*
*959 7T
£956
SSS0T
8929
euze
800ST
61I8¢
“Ene
S$S1s
[ L2 73+
“{6g2
6044
$95¢
S0t
3992¢
9562
2g807
£94S
25657
99378
45077
19651
21353
0962

(SYV1700)
*sl1S00 1IN

NO SYNOH INVIAVH 341 19 NVIR JTLINHLIYY IHL S3 Aivy IV
S1S0D ¥IVdy OGNV MIR 10 IDVHIAV G31HD13M (L

0062t
(&1 X ad
0985
0L
(1A
0s2
(1hd
00009
09g*
a00¢
04
0382
005
005
0"
rsy

* 032
09s¢t
69997
0859
[41.F4
9052
9952
onecr
0362
0ns:t
L1 24
0991
009
gnoe
03002
goent
0gseT
1131 373
00057%
039¢2
catat
20882
80STY
060827
g2t
opest
9999
00094
29702¢
03652
6007

(s11vnm)
¥3N0e
OVd3IAY

ANL
AlL
i
ing
ing
inl
ins
1d1
131
13
ovYN
o
oYN
9V
bl L
o¥H
AN
ATX
A
AR
A
ATX
AN
A
A
AN
AN
AN
A
ATe
AR
AN
A
AN
AT
A
ATH
AN
AT
AT
AN
AN
AN
AW
AT
AN
AN

3dAL

S1 1500 LINdss

HGHIVA

TET6YH

2GHTYA

08LIVA

29TeR2

vILO2YN

VOT2841A

(31 ¥

2569

Ta02

98 SS

vL2END

vOEEND

57929~

9524

0649

473000508 -

2106WY

FNQLYA

UILIONSHINY

BI2C0ERE

Y000 LTHXN

VINIDERNE

rSASNNY
9958VA *
BIOSHNY .
IVdGINCENNE
NS TN
306 D TINNY
WIIOOCHNY
Yd0a0"SHNE
0150000
VI0LCHNE
2NBVWA
05280
29d0700SHXE
¥INCLBSASE
c88dx
AICIPGHURY
NSOSHNY
o e L J
vovesz
€eosn
QIc000T2NS
veLITNZ
£ove
ki 1127

e

110

YITRAN IWNL




2901 GITIVE 17V 404 (SUY3A) THIL 3OVAIAY IHL KD @3sve 31 31v¥ NINTIVie
S1S0D HIVAAN ANV AIN 40 2OVEIAY Q3LRDI3AA 3HL S1 1S0D LlLdNss

£6 " es 26942 ga001 AMi HENTYA
182 3 20 69922 0185 AML 3€9TYA
e3¢ s sot 20022 2909t ANl YSI6VA
308 9 %23 2618 0s2 1y vio02vw
T2an z 64 £9ss 0L FUT SUETYA
TSN . 22 £502 ot 1M1 2938H2
~03STT 3 p&9 wer? ot iz VIT2SuLA
2% ® 29 9916¢ 00009 131 5292
451 133 86t 2368 LT 131 2669
£9¢ 22 1t %656 o0es 138 02
6s 15 132 0921 2959 o¥N v9CEND
€92 22 go3 $ong g0t oK $1990%
368 9% %9 g a%e ovm e
S6% iz £y c0s 0052 oK V23D
i8S 992 192 $43Y 55% oYW $6.8
w24t 12 192 055 o oWk 9522
2 e1 9% *0602 ca852 AT zaeva
133 2 s¢ s29¢ casat AX 4170 095X¢
F3 9zt 6% 0562 t9s31 A% SIDIVPEGHNY .
"t 99 ' S5T§ 0009t ATX 27119005 }
L33 L] [ 14 22¢9 essst AN DICHRAY 4
%1 " 22 8008 09052 A VI00PILTHNY !
i 13 s 1373 3159% AN B0 N CSHNS
8T 81 ' 92318 8909t AT Y110 003NE '
st 12 92t 259T% 59892 A1 8030T25¢ —t :
3 59 $t £592 0082 A RLLED =5 !
'3 N 3 %23 $9s¢ LT TS At 2va0t09GHNS i
- 12 "z $9% 2te8t 08852 AN £0%€7 :
f 173 42 2% 60Ld 23283 A ng2g i
- £2 2t $% soge 00052 A TYANIDOSHNS 4
- s2 ot 69 gl 00002 AT VAL I2GHNE
> sz $ 62 sice £408T A% 2000vA
62 s 6l sotzs 0oesat 2% vIrESUNE m
© on 60% 22 6tag 0082 A% *¥100EHN :
! sS ££ E1) 280t 20027 Ax HSFEHN>
= &5 5 £8 Iner ong2 AN ¥I300euN:
= 8s 2 13 19925 0305 A 09e2%
£ . Y "9 00027 ATS rSOSHNS
134 “ 621 $SS0T 295¢Y AN 2TCGHNY
301 12 167 396t 09008 AT vOEBENZ
oy ot S 20053 045 AT AVI0 I kN
28% T 0Nz 991§ 0099 AN s£981
6% T 6t 259€7 00est 1y voTneR t
922 61 22 8462 T A% 2§98 VA
02 11 19 0056 0932 A% 9959vA
stg 6 23 N 012t A 33nn
228 8y 6s e92s 090t A ASIN-
(AX) 7 (JBR D)/ (S
¥INCd IDVAIAY JO M) ¥3d {siiyn)
SHX GNUCKAIH B3 SHOLIVITVISKI »S¥A GTRANNH (SYv?0a) BINGS
13AD0S ¥3d 1S Q1312 A3 SANNIVI ¥»1S22 LIRKD 3ID0VEIAY 3dAL TIPANN I H
4
EAN04 3DVHAAY 4O Mi ¥34 SYVIA QIUANAH BI4 13MD0S ¥3d 1SOD RO QISVE ONIMNYE ALITISYITIN-1S0D 3EAL IAVAOUIIR N
£
M.J
N " * > '
N . O N T T I L L R TV T S NN PP S R

A A e BT el A LR
GLESS ORI .«,fﬁ.,én.;,mu ,,ﬂ;ﬂ% mwm*v.mw»h«»\w
At

4 e EERTIEN TN JR— [P




Table VII-6

SEA1 AITIVA CIv B0 (SBVER) IKIL IOVHIAV M1 80 IISv@ S1 31vd JYAIvis
S150D ¥IVIiY XY MIN 30 39vuiav T3LHO14N FHL SI 1S0D LINdws

L 73 o e 26347 €302t Anl HESTVA
9%ty £t 513 ticae %3007 AN YEI6VA
0224 st 28 69922 £I0¢ Ani SSalvA
42%9F 9 52t 2619 0s2 inl YIC0oYN
{N182 I3 62 £955 te Ml (-84 7
£3908% bad 2T g2 724 in 48TCN2Z
"wNgoLes 1S (13} 06¢2 (139 1M V2T2534A
£9¢ ] 19 89101 €3009 Is2 S92
4213 1% [[1-3 4028 c30% 132 2569
L2064 22 @17 "56¢ 030¢& 132 TH02
4988 ¥4 Tt2 092%¢ 09s% bl '] voLeEND
5£68 22 £0% SOnf 03s S 51990+
96ETT £2 £1n [1.]:1 €952 ovH vi2enp
96641 99 L24] | 734 00" 9VH 98SS
655£97 2 192 511 65 ovH 96.¢
0241£0T P2 ¥4 492 LR (4] oYK 9522
£2 2 s¢ SeHY 109t ATV IWINCROSAT
[ 1] |2 bR %4602 €902 ATx 293YA
95 b ] 22 0036+ 0r08L AT vICO0I0LTHNRS
L1 ] 9 2t 22%9 Goszt AIn JI0SKRN"
P24 2 (344 1932¢ 30082 AN araLx
2% S 62 (€1 £309 AN Z000vVA
L1234 s 64 ontsg 0%003T AN YICOSHXE
9%t 9% 09 963g 09093 A v120088N¢
£6T It [- X1 g3 0952t AN 0000 06uNY
$682 2t 9¢c 939 890¢£2 AN ITVAONOOSHXNE
£62 L] [ L) %9£93 0902t AN £SESHXNY
£6¢ 12 14 4 31231 00092 AN 0I0ICGNT2SHE
£09 L] 521 §5501 0%s¢t ATx BT 5GHXY
I94 e3 69 hgn2 ongo2 LI ¥d0J00aKNE
- £ L2 r4.4 6044 090s” A% 65287
“ES £ "2t $96¢ 090¢c2 AN SVSDNEOSHNT
256 99 02 $518 0909t AN GI0ACASNY
£62% 59 st £592 one2 A DOHOENS
43%% 93 Y eJous?t [l 1 AR 3700COTduNS
£857T 921 (3} 056¢ [L IR AT ¥I0700SKNY
$29% 7 -3 2 4 ?2316% [t 73 A% £0%¢1
SLOT g Y 2889t g992t AN ASOSHAY
£232 18 €L 800" [\l A YII0EHNE
££12 32 T6T T96ST £300¢ AN veLITH2Z
26%2 1% [ 3-24 45887 [ ] 224 AN vtz
5382 6 19 £ris 0327t A% ket L
293F b4 4 13 3056 23L? AN 8950VA
1£6S 631 L2 [:34.13 0002 AR VITAITHNS
4025 [ 6¢ €926 301 A NSTHY
90651 i% Ine 9918 2989 AT €£387
8554 267 12 0%62 e ATx 3809VA
(M) 7 (SUR D)/ ($N)
43M0d IOYBIAY J0 MmN N3d (S11vA)
SYA dTHARIB W34 SNOTIYIIVEISNT »SHX QTHUNNH ‘sqYT1040) H3IN0d
1S0D Y101 gyid ¥4d S3UNTIV3 e 800 11K 3I9VYIAY adry HIGHON dedL

¥AM04 VAL 30 MY did SHY AL @RI I B34 1800 TIYLOE RO GISYE ONINAVH LLTTTHYUTEIR=- 160D 1611 TaVROdNIn

112

>

-

a7,

s At

5




SREAL ¢IVTIVE TV O3 (S¥V3R) IKIL IOVHIAV IHI NO G3ISVE SI1 IIvd IANTIVIN
S1S0D ¥IV43y UNY MIN 10 JOVHIAY G31HOIIM JHL SI 1S0D liNlse {

956 ] o¢ 26947 000 2Y AMY HENTYA
IS ¢ St 22 69922 0n0S any IcatyA |
638 £ §3 00922 20903 AWML YETeYA .
SY aw 22 £5092 ot i1 £97EWZ |
382 £ 62 g9s¢ ¥ 1 0FEIVA
492 3 a2t 2619 052 inl vT002¥M
15T% T 08 682 9t 1M1 ¥IT2SH1A
2582 6 9 9919¢ LEL] I91 €Les !
29 134 063 1eg ot 1 138 2569 ’
6303 22 "1t 9556 (ET1S 131 j002
ens 202 292 8ss e oM 9522
95T 9% (341 LFH 0% oV 995¢ !
592 19 112 gozt eIs~ oYW veEIND
9g¢ n2 92 SLTY 65" P 96109
osg 22 £0°T Song taes oK $1930%
652t 22 131 L LLT 9962 ovu v22ex0
L 59 St £592 61702 AT 0I0MENS
26 633 2 (3473 ons2 A 8790 0CHN
1834 2 sg sang cooat A 413000588
et 3y ig 098 pos2 A% LR LIS IS
LT} 4 99 [T $S18 o000t AN DITNOASKY :
LT3 4 92¢ 6% 0562 00s Tt ATx SIONDOSHNS
L1 9 T 6S [ 1311 0151T A DICNOISHNN “@
981 2% LE] 991§ gn8st A ¥I0000SNE —
. 683 9 [ 1 2259 onsct AT 2ILSHNY i
- 682 L ) [} 46602 0905 ATx 299VA N N
922 261 Fy) 62 050t AN 3eeeV¥A 5§ -
~ - es2 s 62 (131" $990% AN 3008VA .
! 22¢ N 6g 2928 290t Ax XSENY &
H s2e 22 2y 6044 008ST AT 0S2£
> 20t [ 29 £0L8 602t A O3ENY .
r-LTY £e .2t $95¢ (31114 A ZV40I90SHNE i
F371 (3 9 LI 09092 A Y402 ASHNE i
.m %% 23 9 9959 0n0E? AN VA0 CSHNS H
2 6L% T3 19 [£.119 0302 A 8959 ra N
o 199 £g (3] 2599t 0992¢ A XSOSHNY '
~ $49 34 s% 6OOST 099% A 470090 TdNXY i
- k1L 9 (L] 4e0eT s1028 A £SosH» :
958t L] 22 006" cnese A YI00COLTHNS
6523 06 242 991¢ 0999 A S£167
I8¢T " 62T 86501 LT ¢ A 80SHNY
291 12 327 PITRA 00894 Ax 070700 T2xg
$49% 82 693 27187 03852 ATx LI
ueHe S 6L BntLs 008Nt ATx vIPOSHNE
Y682 13 ; 683 2595 £005Y AN viTIS2 .
LT T2 16T 19641 geoos AT vOSOEHZ ,
S0y 2 (13 932¢ 09852 ATn 00e2x {
(SHA 2)/7(sN) (S11vym)
SYX (GIUANAH 43I SNOLIVITYLSNL +S¥A QUCNAK £SYVYTI0G) WINO
13IND0S ¥3a 1S0D q1313 d3d SIWNiivd »elSOD LIND 3OVE3AY IdAL SYADUN I8AL
SUVEAA Q0NN B 1005 334 1S0D RO QiISVE ONDINYY ALITIQVITIN-LSOD QAL JAVAOUDIR
[y ] N .
- ' S NPT [ I S At i - TN et e L‘.;ftf,kviihﬁwﬁw,.um
"R AT . - - e o e o
- T Koy ik Ay




S9N adrvd

VOG04 rSAVILY G9I) ADVWINY {HL N0 d3SYE ST OIVH SN STIVAe
SLSOD HIVA GNV MIN 20 TWHILY CIIHNTIA AHL o) iS00 1Niwee

£54€ ) N 26942 2007 ARy HENTYA
00TT2 st 29 69922 0905 AML ELRe7)
3 ) £t st 61922 ELT AHL VETOUA
9091 9% 22 £592 nt iny 2°1iN2
02671 2 61 £9s6¢ (93 1M1 COLIVA
9394 9 "2t 2619 0s2 M2 vTO29N
£048% 15 9% 0652 ct My vAII6 LA
s$16£2 & 29 8910 S £19n9 131 5292
TTE9 Tt 6% 08¢ 0309 13 2569
136£% 22 L3341 n556 onos 131 902
s6tL a9 (33 (YH 39% VM 985¢
STLL 22 g9t s09g 29g oYM c¢193p~
%51ST L5 3t2 2921 2359 v VELINO
26902 £2 £ ooosg £°52 oI V42330
63279 22 292 855 L o7H 9622
10984 0%z 192 934+ g5 SYm 9649
g2 2z sg s2%8 6N09t A FRETY.TT$9
2518 2 6s 228 CISET AN DILGHNY
962% 3 62 °:69 n309° A% 2008¥A
£321 at 09 9cYg ciet AN vICcasHg
192 t 6% (TR13 c9s0t A 071C 12 "GHNn
9952 $3 51 £592 2102 ATx CI90gINe
I 6 19 £als 39271 AT LR
, s25¢ L) T #9561 ¢I027 A CTTGUNS
4 syt 2948 et a% 29602 sapez AT 290VA ./H.
a22n ” 22 0006~ ongeL AN VICN " TLTIHN —-
LI%LY I £€ 0na cog2 AT YINONEHNE
P} 9v%G " L2t . 56507 cIset ATx FIIGHX>
I 1Y et 5% 9s2% 09073 A NS TH»
— LI 141 19 00S¢E 2002 A YT
= 7159 27 99 9959 000¢2 AN Tved IN9SKHYE
2543 0% s 00353 219n AT 47309 Tamxnn
214w 22 2% 6tLs 09051 AN 05251
3 o798 2 RIS 3992¢ £306L AT coex
- £226 (B4 69 LT €072 AN Yol INOSUNE
2 9246 99 “2 SETS 2031 AT Lr-acagu-
| &) 238t 8T 42 6ing 4902 A% HIINCTHA
0%y 3 227 595§ cans2 AT 2VdtI00GHNE
6134¢ s 62 e~tLE £agng” A vI0OLHNE
£120% 927 6% 0562 5 P32 AT PRURT I
“2ne2 & s 226491 (o2t Aa XSCRXY
649€2 H 027 2581 21092 AT GI0-ILTRINT
9362¢ It 6871 25:¢” topst A% 1162
965w L1 Y %62 0% AT =ReYYA -
61849 3z 16t 19651 0900¢ A1 TE{0N2
XT3 441 36 12 9913 £"99 A sg3g°
128121 5 637 2718t £9052 AT €% .
RRY rITC¥Y FN1IVMY .
LAY WIHAGRIY N34 LOLIVIIVILSNY »<HA GIACNIN (SEVTI00) 13IN0d
IsC. Wioj UAR I R4 Ll S{Nve * FSeE) LIND il R R\Y HIAN] ¥ EUIN e

NEA L R MIIN I T G0t IVE S N TN L IIAYT PN -LSO) CTHIT P MoE VR




31,

W g

,,_“
FSE AN, NV

£05 0 o6
emnid,

wE

N2

|

repair cost.

R was calculated by a

The tubes were ranked in decreasing order by each of the parameters.

The cost uscd in the rankings is the weighted average of the new cost and

It was calculated by the following formula-
cn + Rcr
1+ R

O
‘

a
L}

Cost per cperating cycle per tube

Where Cn = new cost

@]
I

repair cost

Laj

= Average number of times the tube is repaired

=1

14R = Average number of operating cycles per tube

computer program, The formula used was:

R’ - I.P\l + 2_:32("" 3'R30¢9000.0010'R10
RO+ Rl1L+P2+ R34 .....R10

where RO = number of tubes not repaired (first service cycle)
Rl = number of tubes repaired once

R2 = number of tubes repaired twice

etc,
The failure rate expressed ( failures/million hours) is the reciprocal of the

mean life multipliéd by one million. The mean life calculation included all

failures in the data for each tube., Censored data were not included, and in-

fant mortality and wearout failures were included. This gives a rough estimate

of the observed failure rate.
Failure rate expressed as (failures/year) refers to the average uumber of

failures per calendar year. It was calculated by taking the reciprocal of the

average time (in years) that the tube was installed in the system (i.e. removal

date - installation date)., This rate is the same as one calculated by mul-

tiplying the failure rate in failures/million hours by the operating schedule

(Million hours of operation/years installed). This rate refers to failures ver

calendar year, not per vear of continuous opervation.
115
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2. Parameters

Cost Per Socket Per Million Hours is the product of failure rate (Failures/

lO6 Lheurs)and cost per tube. This indicates the cost of continuous operaticn

of an installation with one socket. Depending on reliability and cost, it may
be better to have more reliable tubes that cost more than less reliable tubes
that cost less. There Ls a non-linear relationship between cost and reliability,
so the tendency is for higher .elialility tubes to come out cheaper because
fewer are needed. Cost per socket per million hours is strictly a measure of
the cost-reliability relationshlp for a tube and not an indication of overall
expenditures,

Total Cost Per Million Hours is the product of failure rate (Failures/l()6

hours), cost per tube and number of installations. This is the total cost of
¢ratinuous operation for all installations in the field using the tube. The
ranking changes somewhat from the previous ranking, because the cost per socket
per million hours is multiplied by the number of installations. Power is not
accounted for in this parameter, so it is only an indication of economic de-
sirability of the tube. This parameter is useful from an expenditure-reliability
point of view,

Cost Per Socket Per Million Hours Per KW is the failure rate (Failures/lo6

hours) cimes cost per tube divided by average power. The power is included
because the high power tubes generally cost more than the low power tubes, which
tends to bias the ranking. Dividing by power corrects for this bias. This is
therefore a good measure of merit from the cost-reliability-capability standpoint
for a tube. Tubes with the worst reliability and highest cost tend to be at

the top of the list,

Total Cost Per Miliion Hours Per KW is the failure rate (Failures/lo6 hours)

times cnst per tube times the number of installations divided by the average power.
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This is the total cost per kilowatt of all installations in the field using this

tube.

Cost Per Socket Per Year is the failure rate (Failures/year) times unit

cost. Feilure rate by calendar year incorporates the operating schedule into the
cost of usiug the tube on a fiscal basis.

Cost Per Socket Per KW Per Year ig the same as cost per socket per KW per

hour except that it includes the operating schedule to obtain annual cost per
kilowatt.

Total Cost Per Year is calculated with the average operating schedule, fail-

ure rate, number of installations and tube costs. This parameter (total cost per
year) indicates tubes for which the largest expenditures are made. The greatest
annual savings may be obtained by improving the reliability of these tubes. The
question is, "Iz investment in research.to improve reliability worthwhile?" This
is taken to mean, "Will reseavch save money in the long-run?”

The amount of improvement in reliability which results from a given amount
of research is not known. In general, an increase in reliability will also
increase the tube purchase price. Estimates of the amount of reliabilty improve-
ment and the amount of cost increase expected can be made, A range of values of
percent reliability improvement and percent cost increase were assumed for the
following example (Figure V{I-1, VI1-2).

Economic analysis would need to be performed to determine the amount of money
which may be allocated for vresearch for a given increase in reliability and in-
crease in cost, This analysis would include a comparison of the present cost
and the projected cost.

Existiny cost may be determined by qglculating the present worth (PW) of the
annual operating costs for,say, a five year period (a five year planning horizon

might be chosen beciuse quick payback is desired).

117

BTy




FIGURE VII-1

EXAMFLE OF COST-RELIABILITY CALCULATIONS

TUBE FAILURES

COST  ppR YEAR K$/YEAR
TUBE (Cp) (a) SOCKETS (s) _
L3035  5.49 (k3) 2.4 90 1185.8
PW = 1185.8 (4.23) = 5016
5 years
10% interest
6% inflation
POTENTIAL POTENTIAL (PW)
% FAILURE % YEARLY BREAK
RATE PRICE OPERATION EVEN
IMPROVEMENT INCREASE COST _$/YEAR K$
0 0 5016 0
10 5 4736 280
10 10 4967 50
15 5 4475 543
15 10 4691 325
15 15 4091 115
20 .10 4415 601
20 15 4612 404
20 20 4817 199

BREAKEVEN = PW - Pwn

where

PW = present worth of costs using existing price and failure rate

Pwn= present worth of costs using improved failure racte and increased

cost,
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FIGURE VIT-2

EXAMPLE Of COST-RELIABILITY CALCULATIONS

BE e e Ko/ vean
TUBE (Cy) ) SOCKETS (8)
L3403 4.6 (K$) 1.09 74 1178
PW = 1178 (4.23) = 4981
5 years
107 interest
6% inflation
POTENTIAL (PW)
% FAILURE POTENTIAL YEARLY BREAK
RATE % COST OPERATION EVEN
IMPROVEMENT INCREASE COST K$/Year K$
0 c 4981 0
10 5 4707 274
10 10 4927 54
15 5 4446 535
15 10 4675 306
15 15 4888 93
20 10 4384 597
20 15 4572 409
29 20 4771 210
119
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Assuming the cost of money to be 107 per year and the inflation rate to be

6% per year, the calculation is as follows:

3
9 P 2 4
3 years 107 interest \___ (1) {(1L+£) 14-f (14-£) (L+£)
% inflation S WrD TSaF2 S 3 tS it S Y

P

where S = annual cost of tube

i = interest rate (10%)

£

inflation rate (6%)

substituting for i and £ above:
W = 8(4.23)

The present worth for each of the assumed improvemeunts and increases is calculated

next .
A, = (3-1)a
where )\ = original failure rate in Failures
year
An = new failure rate
I = fractional improvement in fzilure rate
Cn = ¢ (1-7)
where ¢ = original cost of tube (kK$)
Cn = new cest of tube
J = fraczional increase in -:ost

S = annual cost = A x C x N
n n n s

where Ns = number of sockets

Therefore, Pwn = Sn (4.23) = The cost cof operating the improved tube for 5 years
assuming 67% gpflation and 107 interest.

Ranges of feasible improvement in failure rate and increase in cost should
be estimated by personnel familiar with the manufacturing process. Calculations

may then be made to investigagte the sensitivity of the savings which may result
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from research. Por the final decision on research expenditures, engineering

judgement should be used to weigh the possible benefits and c¢onseguences.

3. Summary

The tubes were ranked (in decreasing order) by each of the eight parameters.
No two have exactly the same order of tubes. This ste—s from the aature of the
parameters,

The ranking by cost per socket per millior hours indicates the merit of
the indiv’dual tubes from a cost effectiveness of reliability standpoint. The
ranking order changes, however, when total cost per hour is considered. This is
due to the different number of sockets in the field for the different tube types.
The total cost is not as significant from a reliability standpoint; however, it
is important to the economist, who wants to minimize total cost.

The cost/socket /KW/hour is important from an efficiency starndpoint, Low
power tubes have lower cost, but not necessarily in proportion to the power,
Applying the number of sockets to get the total cost again changes the order of

ranking.

C. UTILITY

If the operating schedule is constant, total cost per year seems to be
the most significant parameter. The largest expected cost reduction would
result from improving the reliability of the tubes ranked in descending order
by this parameter.

The range of improvement possible should be estimated for each tube. The
cost associated with each improvement must also be estimated. Using these
estimates, economic analyses should be performed to deter .ine if research is

worthwhile, and how much can be spent for research to achieve the improvement.
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Rankings by other parameters are included and may be helpful for planning

purposes. 1f operatiug schedule changes are anticipated, the ranking by cost
per socket should be consulted, Where possible, the operating schedule should
increase usage of tubes low on the 1ist and decrease usage of tubes high on the
list, If puwer requirements are subject to change, the ranking by cost per
socket per kilowatt should be used. This ranking indicates the tubes which are
most cost effective in terms of power. The ranking by cost per socket per
hour is an indication of the relative merits of the tubes with respect to
reliability.

Cost of changes may be estimated by calculating the new failure rate in
(failures/year). This may be done by multiplying the failure rate by the
projected operating schedule. U(sing the nzy failure rate, the cost of the
project change may be compared with the existing cost.

The decision to invest in research on reliability improvement should be
based on the potential payoff of the research. In each case the best estimates

of potential improvement available should be used to detarmine the possible

payoff.
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APPENDIX

This appendix containg reliability function plots for the tubes studied

during the program. Each curve is z plot of the following reliability

function:

R(t) = e"M

where t = time

A = failure rate
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